AD  All 826 


•  >- 
Q- 
O 

C_J> 


ESL-TR-82-17 


ATMOSPHERIC  REACTION  MECHANISMS  OF 
AMINE  FUELS 


ERNESTO  C.  TUAZON,  WILLIAM  P.  L  CARTER.  RICHARD  V.  BROWN. 
ROfiER  ATKINSON.  ARTHUR  M.  WINER.  AND  JAMES  N.  PITTS.  JR. 

8TATEWI0E  AIR  POLLUTION  RESEARCH  CENTER 
UNIVERSITY  OF  CALIFORNIA 
RIVERSIDE.  CALIFORNIA  02521 


MARCH  1982  % 

FINAL  REPORT 

1  JANUARY  1981  -  31  DECEMBER  1981 


V*  '■'*  _  vs 

W?-  '  • '  e>  ^ 

C*  W 


APPROVED  FOR  PUBLIC  RELEASE;  DISTRIBUTION  UNLIMITED 


ENGINEERING  AND  SERVICES  LABORATORY 
AIR  FORCE  ENGINEERING  AND  SERVICES  CENTER 
TYNDALL  AIR  FORCE  BASE.  FLORIDA  32403 

82  08  16  119 


MI£ 


Please  do  not  request  copies  of  this  report  from 
HQ  AF ESC/RD  (Engineering  and  Services  Laboratory). 
Additonal  copies  may  be  purchased  from: 


National  Technical  Information  Service 
5285  Port  Royal  Hdad 
Springfield,,  Virginia  22161 


Federal  Government  agencies  and  their  contractors 
registered  with  Defense  Technical  Information  Center 

SHOULD  DIRECT  REQUESTS  FOR  COPIES  OF  THIS  REPORT  TO: 


Defense  Technical  Information  Center 
Cameron  Station 
Alexandria,  Virginia  22314 


UNCLASSIFIED _ 

SECURITY  CLASSIFICATION  OP  THIS  PAGE  (Whm  D«lt8nl«wO _ 

REPORT  DOCUMENTATION  PAGE  befo^c^et^orm 

I.  «f»OltT  number  I*.  OOVT  ACCESSION  NO.  1-  RECIPIENT'S  catalog  number 


ESL-TR-82-17 

4.  Title  (M  Sukitttm) 


Atmospheric  Reaction  Mechanisms  of  Amine  Fuels 


V  TYPE  OP  REPORT  *  PERIQO  COVEREQ 

Final  Report:  January  1981- 
December  1981 

«.  PERFORMING  ORG.  REPORT  NUMBER 


7.  AuTHOK(t) 

Ernesto  C.  Tuazon,  William  P.  L.  Carter,  Richard 
V.  Brown,  Roger  Atkinson,  Arthur  M.  Winer  and 
James  N.  Pitts,  Jr. 

9.  PERFORMING  ORGANIZATION  NAME  AMO  AOORESS 

Statewide  Air  Pollution  Research  Center 
University  of  California 

Riverside,  California  92521 _ 

H.  CONTROLLING  OFFICE  NAME  AND  AOORESS  — —  — ~ 


AIR  FORCE  ENGINEERING  AND  SERVICES  CENTER  _ 

Tyndall  Air  Force  Base,  Florida  32403  u.  •nuwoer  op  pages 

_ _ _ _ _  204 

MONITORING  AGENCY  NAME  A  AODRESSfl/  diitormtt  fro*  ConttotUng  Otticm)  »*•  SECURITY  CLASS.  Ct  tfilt  f^wf) 

UNCLASSIFIED 


•  CONTRACT  or  GRANT  NUMBERfaj 


F086 35-81-00041 


10-  PROGRAM  ELEMENT.  PROJECT.  TASK 
ARIA  A  WORK  UMlT  NUMBERS 


PE  6 1101 F 
JON  ILXR8101 

IS.  REPORT  OATI 


13*.  DECLASSIFICATION/  DOWNGRADING 
SCHEDULE 


IS-  DISTRIBUTION  STATEMENT  (al  thl*  &0port) 

Approved  for  public  release;  distribution  unlimited. 


[  it.  distribution  statement  («#  *•  mtotrmct  in  RtocJr  20,  H  rntttmM  Aw  A* 


c$ 

E5v 


vv 


ts.  supplementary  notes 

Availability  of  this  report  is  specified  on  verso  of  front  cover. 


i  It.  KEY  WQROS  fCwNnut  on  ww  «/<«  If  wNAiAtry  Wmrtfr  by  bi* ck  iwlif) 


Hydrazine 

Mommethylhydrazine 
Unsyametrlcal  dimethyl  hydrazine 
Ozone 


Nitrogen  Dioxide 
Atmospheric  Reactivity 
Amine  Fuels 
Hydroxyl  Radical 


ATTRACT  (C «niNw  m  r*rnen*  olrf*  U  iw«a«««rr  am 4  tthnHfr  Ay  kit*  — 

This  report  describes  a  detailed  investigation  of  the  atmospheric  reactions 
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phere  as  e  result  of  their  wide  use  as  foe^^or  military  purposes.  Experiments 
rare  conducted  In  3800  1  and  8400  *  TBfloJ&reactlon  chambers,  with  reactant  and 
product  concentrations  measured  by  leaf  pathleagth  (88.3-102.4  a)  Fourier  trans¬ 
form  infrared  (FT-XB)  epectroseopy.  The  results  of  the  present  study  greatly 
extend  the  date  obtained  la  a  privies  exploratory  investigation  in  these  lebor- 
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•torles  of  the  reactions  of  these  hydrazines  with  the  hydroxyl  radicals,  ozone 
and  oxides  of*  nitrogen  and  Includes  new  data  on  the  reactions  of  the  hydrazines 
with  nitric  acid  and  formaldehyde ,  two  species  which  occur  at  significant  concen¬ 
trations  in  the  polluted  atmosphere* 

••  The  reactions  of  N2H4,  and  UDMH  with  O3  were  studied  at  varying  reac¬ 
tant  ratios,  both  in  the  presence  and  absence  of  a  radical  trap,  and  with  added 
organic  compounds  which  served  as  quantitative  tracers  for  any  hydroxyl  radicals 
formed*  The  tracer  and  radical  trap  experiments  unequivocably  demonstrated  the 
formation  and  participation  of  OH  radicals  in  the  reactions  of  O3  with  all  three 
hydrazines*  Hydrogen  peroxide  and  diazene  (HN**NH)  were  the  major  products 
observed  by  FT-IR  spectroscopy  in  the  N2H4  +  °3  reaction,  along  with  small  yields 
of  N20  and  HH3.  In  this  study  diazene  was  positively  identified  for  the  first 
time  as  a  product  of  the  H2H^  +  Oj  reaction  and  of  N2H4  decomposition  in  air* 
The  major  products  of  the  MfH  +  O3  reaction  were  CH3OOH,  CH,NNH,  HCHO,  CH~N2,  and 
H202,  with  lower  yields  of  CH3OH,  HCOOH,  CO,  HH3,  and  N20.  The  major  product  of 
the  UDMH  +  O3  reaction  was  N-nltrosodlmethylamine,  with  significant  yields  of 
CH.OOH,  CH3NHH,  and  H202  and  minor  amounts  of  CH3OH,  CH2N2,  HCOOH,  CO,  HOHO,  N02, 
and  NH3  also  being  formed*  Except  for  the  formation  of  formaldehyde  hydrazone, 
the  reaction  of  Aerozlne-50,  an  equimolar  mixture  of  N.H,  and  UDMH,  with  03  has 
been  shown  to  be  consistent  with  the  reactions  of  O3  with  M-H*  and  UDMH. 

The  verification  of  OH  radical  involvement  and  the  direct  observation  of 
HN“NH  support  the  essential  features  of  the  mechanism  we  proposed  previously  for 
the  reactions  of  O3  with  H«H^  and  1MH*  However,  certain  aspects  of  the  mechanism 
remain  unclear;  in  particular,  the  question  of  whether  the  initial  reaction  path¬ 
way  proceeds  via  B-atom  abstraction  or  O-atom  transfer  to  form  an  N-oxlde  forma¬ 
tion  is  still  unresolved.  Moreover,  the  new  set  of  data  for  the  UDMH  +  03  reac¬ 
tion  is  inconsistent  with  the  simple  mechanism  we  postulated  for  this  .system* 

Hydrazine,  MMH,  and  UDMH  all  reacted  at  significant  rates  with  H02  in  the 
dark,  but  only  negligibly  with  NO,  unless  N02  was  also  present.  The  UtiMH  +  N02 
reset ion  appears  to  be  the  simplest,  yielding  mainly  nitrous  acid  and  tetra- 
«1iethyltetrezene-2,  with  the  reaction  presumably  proceeding  through  formation  of 
the • intermediate  species  (CH3) jN-W.  An  unknown  product,  suspected  to  be  N-nitro- 
•o-N'*H'-dimothylhydrazine,  was  additionally  formed  when  NO  was  present  in  the 
UPMH  +  N02  reaction  mixture.  The  products  of  the  N2H4  +  NO  reactions  were  HONO, 
N20,  NH3,  HNNH,  and._  N2H4.HNO3;  those  from  the  WH  +  N0_  reactions  were  HON 0, 
CH3NNH,  CH3OOH,  CSgOH,  N20,  NH3,  H00N02,  and  CH3NHNH2*HN03,  together  with  two 
unidentified  pro|gfs  that  were  probably  formed  in  significant  yields.  Several 
uncertainties  exist  in  the  mechanisms  for  the  N2H4  +  N0X  and  MMH  +  NO  reactions, 
including  those  which  involve  the  source  of  HTOj,  the  precursor  to  the  nitrate 
salts  observed* 

All  three  hydrazines  reacted  with  nitric  acid  in  the  vapor  phase  at  rates 
that  were  too  fast  to  measure  by  our  techniques,  and  the  1:1  stoichiometry 
observed,  even  in  the  presence  of  excess  HNO3,  indicated  that  the  hydrazlnlum 
salts  formed  were  primarily  of  the  monobasic  form  in  all  cases. 

Hydrazine  and  UDMH  also  react  with  HCHO  with  1:1  stoichiometry  to  form  the 
respective  hydrazonea  with  an  unknown  transient  intermediate  being  observed  dur¬ 
ing  the  initial  stage  of  the  N2H4  reaction.  In  both  cases  the  kinetic  data  were 
inconsistent  with  simple  second  order  processes,  suggesting  a  heterogeneous  or 
complex  mechanism* 

The  possible  atmospheric  sink  processes  for  dimathylnitramlna  and  N-nitroso- 
dlmethy lamina,  both  important  oxidation  products  of  UDMH,  were  investigated. 
Both  compounds  were  shown  to  react  at  insignificant  rates  with  O3.  the  major 
atmospheric  reaction  pathway  for  dimathylnitramlna  is  expected  to  be  via  reaction 
with  OH  radicals,  with  the  OH  radical  rate  constant  measured  in  this  study  yield¬ 
ing  an  estimate  of  approximately  2  days  for  its  tropospheric  half-life.  Daytime 
photolysis  would  be  the  primary  degradation  process  for  N-nltrosodlmethylamine, 
as  our  measurements  indicate  that  its  photolysis  rate  is  over  three  orders  of 
magnitude  faster  than  its  rate  of  reaction  with  the  OH  radical. 
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SECTION  I 
INTRODUCTION 


Hydrazine  (N2H4)  end  ice  alliyl  derivatives,  monomethylhydrazlne  (MMH) 
and  1,1-dimethylhydrazine  (unsymmetrlcal  dimethylhydrazine  or  UDMH),  con¬ 
stitute  an  important  class  of  high-energy  fuels  which  has  found  wide  usage 
in  military  applications.  Individually  or  in  mixtures,  these  hydrazines 
are  currently  in  use  as  rocket  propellants  and  fuels  for  thrusters  and 
small  electrical  power  generating  units.  Specific  examples  are  the  use  of 
Aerozine-50  (a  50-50  blend  of  N2H4  and  UDMH)  as  fuel  for  the  Titan  II 
system  and  N2H4  as  a  source  of  emergency  power  for  the  F-16  fighter 
plane.  In  addition,  the  Space  Shuttle  System  currently  employs  these 
fuels  in  large  quantities.  Hence,  in  addition  to  the  health  hazards  of 
exposure  to  the  hydrazines  themselves  (References  1,  2),  a  major  concern 
is  the  possible  adverse  impact  of  their  releases  to  the  atmosphere  stem¬ 
ming  from  storage,  transfer,  and  venting  operations. 

In  order  to  obtain  the  necessary  information  regarding  the  atmos¬ 
pheric  transformations  of  these  chemicals,  the  United  States  Air  Force 
funded  the  Statewide  Air  Pollution  Research  Center  (SAPRC)  of  the  Univer¬ 
sity  of  California  at  Riverside  to  carry  out  investigations  concerning 
selected  atmospheric  reactions  of  these  hydrazines.  These  studies  were 
designed  to  obtain  data  needed  to  assess  potential  environmental  Impacts 
of  these  chemicals  and  the  corresponding  degree  of  control  required  on 
their  releases  to  the  atmosphere.  Prior  to  the  previous  Air  Force- 
sponsored  study  in  this  laboratory  (Reference  3),  only  the  studies  by 
Stone  (References  4-6)  on  the  auto-oxidation  of  N2H4,  MMH,  UDMH,  and 
Aerozine-50  had  been  carried  out  under  experimental  conditions  approaching 
those  in  the  actual  atmosphere. 

In  our  initial  study  (Reference  3) ,  the  following  major  results  were 
obtained: 

1)  Absolute  rate  constants  for  the  gas  phsse  resctlons  of  hydroxyl 
(OH)  radicals  with  hydrazine  and  monomethylhydrazlne  (MfH)  were  determined 
over  the  temperature  range  298-424  K  using  a  flash  photolysis-resonance 
fluorescence  technique.  The  rate  constants  determined  were,  within  the 
experimental  errors  (References  3,  7),  Independent  of  temperature,  with 


1 


k(OH  +  H2H^)  -  (6.1  ±  1.0)  x  10-11  cm3  molecule-1  sec-1  and  k(0H  + 
CH3NHNH2)  »  (6.5  ±  1.3)  x  10-11  cm3  molecule-1  eec-1.  The  magnitude  of 
these  rate  constants  and  their  lack  of  temperature  dependences  indicate 
that  these  reactions  proceed  via  H-atom  abstraction  from  the  weak  N-H 
bonds,  l.e.. 


OH  +  N2H4  ♦  H20  +  N2H3 

Furthermore,  from  these  data,  a  rate  constant  for  the  reaction  of  OH 
radicals  with  UDMH  of  ~(5  ±  2)  x  10-11  cm3  molecule-1  sec-1,  approximately 
temperature  Independent  over  the  range  300-425  K,  was  estimated.  With  an 
average  OH  radical  concentration  of  -1  x  10°  cm-3  for  the  lower  tropos¬ 
phere  (Reference  8),  the  tropospheric  1/e  lifetimes  of  these  hydrazines 
due  to  reaction  with  the  OH  radical  can  then  be  calculated  to  be  approxi¬ 
mately  4  to  5  hours. 

2)  All  three  hydrazines  were  shown  to  react  extremely  rapidly  with 
ozone,  even  for  O3  concentrations  approaching  those  commonly  found  In  the 
atmosphere.  The  dark  reactions  of  the  three  hydrazines  with  O3  were 
investigated  In  an  -30,000  l  Teflon®  chamber  using  Fourier  transform 
Infrared  (FT-IR)  spectroscopy  in  conjunction  with  long-path  optics.  From 
the  limited  time-concentration  data  obtained,  the  rate  constant  for  the 
reaction  of  ozone  with  N2H^  was  estimated  to  be  of  the  order  of  1  x  10-16 
cm3  molecule-1  sec-1,  with  MMH  and  UDMH  reacting  substantially  more 
rapidly  (l.e«,  on  a  time  scale  comparable  to  the  spectrum  acquisition 
time).  Thus,  In  the  presence  of  -40  ppb  of  03  (the  ambient  concentration 
for  the  clean  lcwer  troposphere  [Reference  9]),  the  lifetimes  of  the 
hydrazines  due  to  reaction  with  O3  would  be  -3  hours  for  N2H^  and  a  factor 
of  10  or  more  shorter  for  MMH  and  UDMH. 

3)  A  spectrum  of  products  was  Identified  In  the  reactions  of  the 
hydrazines  with  ozone.  Including  certain  highly  toxic  compounds  such  as 
dlazomethane  and  M-nltrosodlmethylamlne.  Briefly,  specific  products 
observed  by  FT-IR  spectroscopy  were: 

e  From  hydrazine:  hydrogen  peroxide  (H202)  and  nitrous  oxide 

(N20). 

e  From  MMH:  methylhydroperoxlde  (CH3OOH),  methyldlazene 

(CH3N-NH),  dlazomethane  (CH2N2),  formaldehyde  (HCHO),  methanol  (CH3OH), 


and  H202,  with  CH3N-NH  and  CH2N2  reacting  further  In  the  presence  of 
excess  03* 

•  From  UVHH:  N-nitrosodimethylaaine  [(CH3)2NNO)  In  large  yield, 
together  with  lesser  amounts  of  HCHO  and  H202« 

4)  From  the  product  data  obtained,  the  following  mechanism  was  pos¬ 
tulated  for  the  reaction  of  O3  with  N2H^  (References  3,  10): 

o3  +  n2h4  +  o2  +  oh  +  n2h3 
OH  +  N2H4  +  H20  +  N2H3 
N2H3  +  02  •*•  H02  +  HN-NH 
O3  +  HN-NH  ♦  HN-N*  +  OH  +  02 
OH  +  HN-NH  *  H20  +  HN-N* 

HN-N*  ♦  N2  +  H 
H  +  02  +  M  ♦  H02  +  M 

ho2  +  H02  +  h2o2  +  o2 

The  reaction  mechanism  postulated  for  MMH  was  analogous,  with  CH3OOH  being 
formed  from  the  combination  reaction 

CH302  +  H02  ♦  CH3OOH  +  02 

and  CH3N-NH  formation  being  analogous  to  that  of  HN-NH  formation  from 
hydrazine.  The  reaction  of  O3  with  CH3N-NH  thus  leads  to  the  formation  of 
CH3  radicals,  which  rapidly  react  with  02  to  yield  methylperoxy  (CH302) 
radicals. 

Reaction  of  OH  radicals  with  CH3N-NH  can  lead  to  CH2N2  formation  via 
the  sequence: 


OH  +  CHjN-NH  ♦  CHjN-ffH  +  HjO 


CH2M-HH  +  02  +  CHjNj  +  H02 
with  CHjNj  possibly  reacting  with  O3  via 

03  +  CH2N2  ♦  HCHO  +  02  +  N2 

For  UDMH,  the  reaction  mechanism  was  postulated  to  be  somewhat 
different  due  to  the  absence  of  H  atoms  on  one  of  the  nitrogen  atoms.  The 
proposed  mechanism  (References  3,  10)  consisted  of  the  reactions 

(ch3)2nnh2  +  o3  ♦  (ch3)2nnh  +  OH  +  o2 
(ch3)2nnh2  +  oh  ♦  (ra3)2mra  +  h2o 

followed  by 

H 

(CH3)2NNH  +  o3  ♦  (CH3)2NH^  .  +  o2 

/H 

(CH3)2NH^  .  +  °2  *  +  h02 

However,  due  to  the  limited  data  obtained,  the  possibility  of  other  reac¬ 

tion  mechanisms  for  all  three  hydrazines  could  not  be  eliminated. 

3)  A  limited  number  of  experiments  were  carried  out  on  lrradiated- 

<R) 

NOx-hydrazlne-alr  mixtures  In  the  •'30,000  1  Teflon  chamber.  The  products 
expected  by  analogy  with  the  chemistry  of  Irradiated  N0x-organlc-alr 
systems,  which  largely  Involve  the  reactions  of  O3  and  OH  radicals,  were 
observed.  However,  FT-1R  observations  Indicated  additional  products  and 
Intermediates  (mostly  unidentified)  arising  from  the  dark  reactions  of  N0X 
with  the  hydrazines,  particularly  In  the  case  of  UDMH. 

Although  this  Initial  study  (Reference  3)  of  the  reactions  of  hydra¬ 
zines  with  O3,  OH  radicals  and  N0X  provided  much  valuable  information, 

further  quantitative  data  concerning  the  rates,  products,  and  reaction 
mechanisms  were  deemed  necessary  In  order  to  assess  more  precisely  the 
effects  of  hydrazine  emissions  on  the  atmosphere.  Accordingly,  in  the 


present  program  further  studies  of  the  atmospheric  reactions  of  the  hydra¬ 
zines  have  been  carried  out  to  clarify  some  of  the  issues  raised  by  our 
initial  study,  and  to  extend  the  scope  of  this  first  study.  Specifically, 
in  the  program  described  below,  we  have  carried  out  the  following  studies: 

1)  The  reactions  of  1MH  and  UDMH  with  O3  were  investigated  at 
varying  reactant  ratios,  both  in  the  presence  and  absence  of  radical 
traps,  and  with  added  organic  tracers  to  measure  the  levels  of  OH  radicals 
formed.  Estimates  of  the  rates  of  reaction  of  O3  with  the  individual 
hydrazines  were  made,  and  the  identities  and  yields  of  the  primary 
products  and  their  dependence  on  initial  reactant  concentrations  were 
determined, 

2)  The  extent  to  which  the  products  and  their  yields,  as  well  as  the 
hydrazine  consumption  rates,  differ  in  the  Aerozlne-50  mixture  from  those 
observed  for  its  individual  components  (N2H4  and  UDKH)  were  investigated, 

3)  The  dark  reactions  of  MMH,  and  UDMH  with  N0X  (NO  and  NO2) 
were  studied  and  yielded  rate  constants  for  the  reactions  of  N02  with  the 
individual  hydrazines.  The  identification  of  tetramethyltetrazene-2 
[  (CH3) 2NN”NN (CH3) 2J  as  the  main  organic  product  of  the  UTHH  +  N02  reaction 
resulted  from  these  experiments.  More  definitive  infrared  spectra  of 
unknown  products  in  the  MMH  +  N0X  and  UDMH  +  N0X  reactions  were  obtained 
in  the  present  study  than  was  possible  in  the  initial  study,  and  may  form 
the  basis  for  their  future  identification, 

4)  The  stoichiometry  of  the  vapor-phase  reactions  of  the  hydrazines 
with  HNO3  was  investigated.  Preliminary  studies  of  HCHO  reactions  with 
N2H^  and  UDMH  were  carried  out, 

5)  The  reactions  of  N-nltrosodlmethylamine  and  dlmethylnitramine 
(both  oxidation  products  of  UDMH)  with  O3  and  with  OH  radicals  were 
studied.  The  rate  of  photolysis  of  N-nitrosodlmethylamlne  was  measured 
under  conditions  which  inhibited  its  reformation, 

6)  Embodied  in  the  data  from  the  above  experiments  are  the  behavior 
of  some  of  the  reaction  products  of  the  hydrazines  with  respect  to  reac¬ 
tive  atmospheric  species.  Thus,  for  example,  estimates  of  the  rates  of 
reaction  of  O3  with  dlazomethane  and  formaldehyde  hydrasone,  and  of  N02 
with  methyldiazene,  were  also  obtained  from  this  study. 

In  the  following  sections,  the  experimental  techniques  used,  the 
results  obtained  and  our  kinetic  and  mechanistic  interpretations  of  these 
data  are  presented  in  detail. 
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SECTION  II 
EXPERIMENTAL 


2.1  REACTION  CHAMBER 

The  Indoor  reaction  chamber  U8ed  in  this  study  was  constructed  from 

DuPont  PEP  Teflon®  film.  Teflon®  is  inert  under  the  conditions  of  our 

experiments  and  the  50- vm  (2-mil)  thick  film  employed  provided  >  98Z 

transmission  of  actinic  radiation.  The  rectangular  chamber  was  construc¬ 
ts 

ted  by  heat-sealing  the  Teflon**  sheets  together  and  reinforcing  the  seams 

ft 

externally  with  Mylar4*  tape.  The  bag  was  held  seml-rlgidly  inside  a  rec¬ 
tangular  (4  ft  x  8  ft  x  8  ft)  aluminum  frame  which  also  supported  two 
diametrically  opposed  banks  of  40  Sylvanla  40-W  BL  blacklamps.  Figure  1 
illustrates  the  chamber  design  and  the  arrangement  of  the  Interferometer 
and  long-path  optics. 

The  provisions  for  injection  and  sampling  of  gases  consisted  of  glass 
tubes  (9  mm  i.d.)  with  sealed  fittings  extending  to  the  middle  of  the 

ft 

chamber  and  a  Teflon'*  disperser  tube  (13  mm  i.d.  and  8  ft  in  length) 
situated  along  the  middle  section  of  the  chamber.  For  rapid  mixing  of 
reactants,  a  10-in  diameter  Tef lon®-coated,  flve-bladed  fan  (rated  at 
20,000  liter  min-*)  was  Installed  at  the  bottom  of  the  chamber  and  was 
driven  by  an  external  motor  via  a  sealed  mechanical  feedthrough. 

The  chamber  was  connected  to  the  output  of  the  air  purification  unit 
(Reference  11).  To  minimize  possible  health  hazards,  an  exhaust  -  system 
was  devised  to  pass  the  contents  of  the  bag  through  a  charcoal  filter  bed 
after  each  experiment.  The  vacuum  applied  at  the  exhaust  also  served  to 

ft 

balance  the  rate  of  air  Intake  during  the  flushing  operation.  Teflon^ 
gate  valves  isolated  the  chamber  from  the  Intake  and  exhaust  lines  after 
the  final  fill  of  matrix  air. 

The  first  reaction  chamber  constructed  had  a  volume  of  -6400  t  and 
was  employed  in  several  exploratory  runs.  Most  of  the  final  experiments 
were  conducted  later  in  a  smaller  -3800  l  bag.  The  volumes,  as  determined 
by  gas  chromatographic  (GC)  and  Infrared  (IR)  methods,  were  reproducible 
to  within  A  2X  when  the  bags  were  fully  Inflated.  The  mixing  time  (as 
measured  by  monitoring  O3  after  injection  by  Fourier  transform-infrared 
[FT-IR]  spectroscopy)  was  <  30  seconds  for  both  chambers  and  was  limited 
more  by  the  rate  of  sample  injection  rather  than  by  the  efficiency  of  the 
mixing  fan. 
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Figure  1.  Schematic  Diagram  of  Teflon®  Reaction  Chamber,  Multiple- 
Reflection  Optics,  and  Fourier  Transform  Infrared 
Spectrometer. 
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2.2  LONG-PATH  OPTICS 

The  White-type  multiple-reflection  optics  consisted  of  a  small  In¬ 
focus  (nesting)  mirror  and  two  larger  out-of-focus  (collecting)  mirrors 
with  a  comwn  radius  of  curvature  of  2.13  m.  They  were  cut  from  a  single, 
spherically  figured  30-cm  diameter  Pyrex  blank.  The  mirrors  were  gold- 
coated  for  maximum  reflectivity  (>  99. OZ)  In  the  infrared.  Initially, 
silver  with  a  thorium  fluoride  overcoat  was  used  as  the  reflective 
surface,  providing  a  performance  slightly  better  than  that  of  the  gold 
overcoat.  However,  this  particular  coating  showed  a  significant  degrada¬ 
tion  upon  continued  exposure  to  reaction  systems  which  generated  gaseous 
nitrates,  e.g.,  nitric  acid  (HNO3). 

The  multiple  of  the  basepath  (2.13  m)  attained,  and  thus  the  total 
pathlength,  was  determined  by  counting  the  number  of  spots  from  a  He-Ne 
laser  as  seen  on  the  nesting  mirror.  An  optical  alignment  system  was 
devised  such  that  the  beam  of  the  He-Ne  laser  (external  to  the  Interfer¬ 
ometer  proper)  could  be  brought  into  exact  coincidence  with  the  Infrared 
source  beam  by  interposing  a  removable  mirror  within  the  transfer  optics. 

Virtually  all  metal  surfaces  of  the  mirror  mounting  system  within  the 
reaction  chamber  were  Tef lon®-coated. 

2.3  FT-IR  SPECTROMETER 

The  White  optics  was  interfaced  to  a  rapid-scan  Mldac  interferometer 
(Figure  1)  with  a  maximum  resolution  capability  of  0.06  cm-*.  Data 
collection  and  processing  were  performed  with  a  Computer  Automation  LSI- 
2/20  minicomputer  with  32  K  word  memory  and  a  special  fast  Fourier  trans¬ 
form  (FFT)  processor.  System  perlphe7:als  included  a  2.5  M  word  dual-disk 
drive,  raster  plotter,  line  printer,  oscilloscope  display,  CRT  terminal, 
and  magnetic  tape  unit. 

The  interferometer  was  equipped  with  a  dual-element  HgCdTe  and  InSb 
detector  cooled  with  liquid  nitrogen.  The  response  of  the  HgCdTe  element 
was  adequate  to  cover  the  infrared  region  of  interest  (700-3000  cm-*)  and 
hence  was  the  only  detector  element  employed  throughout  this  study. 

2.4  MATERIALS 

Anhydrous  hydrazine  (stated  purity:  97+Z)  was  procured  from  Matheson, 
Coleman  and  Bell.  Methylhydrazlne  (98Z),  1,1-dlmethylhydrazlne  (99+Z), 
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N-nitrosodlmethylamine  (99+%) ,  n-octane  (99+%),  and  2,2,3,3-tetramethyl- 
bucane  (99%)  were  obtained  from  Aldrich.  The  above  compounds  were  used 
without  further  purification.  Small  amounts  (0-2%)  of  NH^  were  detected 
by  infrared  spectroscopy  in  the  samples  of  all  hydrazines  injected  into 
the  chamber,  but  it  was  not  clear  whether  these  levels  of  the  NH-j 
impurities  were  present  in  the  original  samples  or  were  generated  in  part 
or  wholly  by  surface-catalyzed  decomposition  of  the  hydrazines. 

Dimethylnitramine  (m.p.  57°C)  was  prepared  via  oxidation  of  N-nitro- 
sodimethylamine  with  peroxytrifluoroacetic  acid  (CF^CO^H),  as  described  by 
Emmons  (Reference  12). 

Formaldehyde  vapor  was  generated  by  heating  a  degassed  sample  of 
paraformaldehyde  (95%  HCHO;  Matheson,  Coleman  and  Bell)  in  a  vacuum  line 
and  collected  in  Pyrex  bulbs.  . 

Peroxyacetyl  nitrate  (CH^COONO^)  was  prepared  at  SAPRC  by  oxidation 
of  an  ethyl  nitrite-oxygen  mixture  in  a  photochemical  reactor  as  described 
by  Stephens  (Reference  13).  The  impure  sample,  collected  and  mixed  with 
N2  gas  in  a  low-pressure  tank,  was  passed  through  a  tube  packed  with  nylon 
fibers  prior  to  Injection  into  the  reaction  chamber  to  remove  nitric  and 
acetic  acid  impurities.  Traces  of  methyl  nitrate  and  ethyl  nitrate  were 
detected  by  infrared  spectroscopy  in  the  final  sample. 

Samples  of  nitric  oxide  (commercial  purity  99.0%;  Matheson  Gas 
Company)  from  a  lecture  bottle  were  drawn  directly  into  gas-tight,  all¬ 
glass  syringes  which  had  been  pre-f lushed  with  N2  gas  to  exclude  O2  that 
could  cause  Immediate  conversion  of  NO  to  NO2  prior  to  injection  into  the 
chamber.  Nitrogen  dioxide  was  prepared  by  transferring  a  measured  volume 
of  nitric  oxide  in  a  syringe  to  another  syringe  containing  twice  the 
volume  of  02« 

Ozone  was  produced  in  a  Welsbach  T-408  ozone  generator  and  collected 
in  2  t  and  5  1  Pyrex  bulbs.  The  input  flow  of  O2  to  the  ozonlzer  was 
maintained  constant  (1.5  liter  min~*  at  8  pslg)  and  the  voltage  applied  to 
the  electrodes  was  adjusted  (60-100  V)  to  yield  the  desired  O3  concentra¬ 
tion.  The  O3/O2  mixture  being  flushed  into  the  Pyrex  bulb  flowed  through 
a  10  cm  cell  equipped  with  KBr  windows.  The  O3  concentration  was  deter¬ 
mined  by  its  Infrared  absorption  at  1055  cm-*. 

Methyl  nitrite  was  prepared  by  dropwise  addition  of  50%  H2SO4  to  a 
saturated  solution  of  sodium  nitrite  (NaN02>  in  methanol.  The  product 
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vapors  were  carried  by  an  N2  scream  first  through  a  concentrated  NaOH 
solution  and  then  over  anhydrous  CaCl2  into  a  trap  cooled  to  196  K 
(Reference  14).  The  product,  as  purified  by  vacuum  distillation,  showed 
only  traces  of  methanol  impurity  in  the  Infrared  spectrum. 

2.5  METHODS  OF  PROCEDURE 

2.5.1  Sample  Handling  and  Inlectlon 

Prior  to  the  final  fill  of  purified  air  for  each  experiment, 
the  reaction  chamber  was  flushed  with  >  7  volumes  of  air  derived  from  the 
air  purification  system  (Reference  11). 

Vapors  of  the  hydrazine  to  be  studied  were  measured  into  calibrated  2 
l  and  5  l  Pyrex  bulbs  on  a  vacuum  line  equipped  with  an  MRS  Baratron  cap¬ 
acitance  manometer  (0-100  and  0-1000  torr  heads).  The  contents  of  the 

(G 

Pyrex  bulbs  were  flushed  with  N2  gas  into  the  fully  inflated  Teflon0 
chamber  via  the  glass  injection  tubes  at  measured  flow  rates  of  20  liter 
min-1  for  the  2  l  bulb  and  50  liter  min-1  for  the  5  l  bulb,  with  the  stir¬ 
ring  fan  operating  for  1  minute.  This  procedure  ensured  that  >  99Z  of  the 
sample  was  Introduced  into  the  chamber  within  30  seconds. 

Ozone,  nitric  oxide,  and  nitrogen  dioxide  were  flushed  through  the 
(8) 

Teflon^  disperser  tube.  Tie  latter  was  not  used  for  injections  of  the 
hydrazines  in  order  to  avoid  possible  surface-initiated  decompositions 
(e.g.,  to  NH3) ,  as  observed  in  the  previous  study  (Reference  3). 

In  the  majority  of  the  experiments,  the  hydrazine  (N2H4,  MMH,  or 
UDMH)  sample  was  the  first  reactant  injected  into  the  chamber  and  the  pre¬ 
determined  amount  of  the  second  reactant  (O3,  NO,  or  NO2)  was  then  injec¬ 
ted,  with  the  stirring  fan  in  operation,  from  a  Pyrex  bulb  or  syringe  with 
an  N2  stream.  However,  in  some  of  the  experiments  (such  as  those  with 
excess  O3),  the  hydrazine  was  the  last  reactant  introduced.  In  these 
cases,  the  hydrazine  sample  in  the  Pyrex  bulb  was  pressurized  to  760  torr 
total  pressure  prior  to  injection  so  as  to  avoid  back  filling  by  the 
chamber's  contents,  thus  minimizing  the  possibility  of  reactions  occurring 
within  the  sample  bulb  prior  to  injection  Into  the  chamber. 

The  large  quantities  of  n-octane  (~7-10  ml)  required  as  a  radical 
trap  in  several  hydrazine-ozone  experiments  were  introduced  into  the 
chamber  by  bubbling  a  stream  of  heated  N2  gas  through  the  warm  liquid. 
Dimethylnltramine  was  introduced  by  passing  a  stream  of  N2  gas  over  a 
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gently  heated  solid  sample.  Peroxyacetyl  nitrate  was  metered  from  the 
low-pressure  storage  tank  Into  the  chamber  (after  passing  through  a  tube 
packed  with  nylon  fibers)  and  its  final  concentration  verified  by  infrared 
spectroscopy  using  its  known  absorption  coefficient  (Reference  13). 

2.5.2  Data  Collection  and  Spectral  Processing 

The  time-concentration  profiles  of  products  and  reactants  were 
monitored  by  FT-IR  spectroscopy  (see,  however,  the  following  section  on 
support  instrumentation  and  supplementary  experiments).  Pathlengths  of 
68.3  and  102.4  m  were  normally  employed  with  1  cm-*  spectral  resolution. 
The  infrared  region  of  interest  (700-3000  cm-*)  was  adequately  recorded 
with  a  HgCdTe  photoconductive  detector.  Under  the  above  conditions, 
typical  noise  levels  in  the  ratio  of  two  background  spectra  of  32  co-added 
interferograms  were  <  0.003  and  <  0.005  absorbance  units  (base  e),  for 
regions  around  1000  cm-*  and  2800  cm-*,  respectively. 

To  monitor  the  relatively  fast  reactions  encountered  in  this  study, 
the  interferometer  scan  was  initiated  at  the  start  of  injection  of  the 
last  reactant.  By  pre-storing  successive  sets  of  co-added  Interferograms 
(subsequently  transformed  into  spectra  after  the  experiment),  the  progress 
of  the  reaction  could  be  followed  with  a  time  resolution  as  short  as  15 
seconds.  Thus,  certain  experiments  involving  the  reactions  of  0j  with  MMH 
and  UDMH  were  carried  out  with  data  collection  every  15  seconds  using  6 
co-added  interferograms  per  spectrum.  In  general,  however,  32  scans  were 
averaged  per  spectrum  during  the  early  stages  of  a  reaction  which  allowed 
for  a  convenient  1  min  time  resolution.  Slower  events  were  recorded  by 
co-adding  64  Interferograms  for  an  improved  signal-to-noise  ratio, 
followed  by  immediate  computation  of  each  spectrum.  Concentration  data 
derived  from  each  spectrum  are  reported  as  those  corresponding  to  the 
midpoint  of  the  scan  averaging  period.  Midpoints  for  the  sets  of  scans 
were  0.10,  0.38,  and  0.78  minute  for  6,  32,  and  64  scans,  respectively. 

Reactant  and  product  concentrations  were  obtained  from  the  intensi¬ 
ties  of  the  infrared  absorption  bands  by  spectral  desynthesis,  i.e., 
successive  subtraction  of  absorptions  by  known  species.  Low-noise 
reference  spectra  for  the  hydrazines  and  several  reaction  products  were 
generated  specifically  for  this  purpose.  The  most  desirable  reference 
spectra  were  those  recorded  at  the  highest  concentrations  possible  that 
atill  allowed  linear  subtraction  to  be  made.  Since  the  subtraction 
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process  Is  purely  arithmetic,  the  low  factors  permitted  thus  reduced  to  a 
minimum  the  noise  added  to  the  residual  spectrum. 

2.5.3  Support  Instrumentation 

The  concentrations  of  small  amounts  (<  0.2  ppm)  of  2,2- 
dlmethylpropane,  cyclohexane,  n-octane  and  2,2,3,3-tetramethylbutane, 
which  served  as  OH  radical  tracers  in  the  reaction  of  O3  with  the  individ¬ 
ual  hydrazines,  were  quantitatively  monitored  by  gas  chromatography  with 
flame  Ionization  detection.  The  instrument  used  was  a  Varlan  Series  1400 
gas  chromatograph  equipped  with  a  20-ft  x  1/8-ln  stainless  steel  column 
packed  with  5Z  DC703/C20M  on  100/120  mesh  AW,  DMCS  Chromosorb  G  and 
operated  at  333  K.  Analyses  were  carried  out  with  no  sample  preconcentra¬ 
tion. 

Temperature  and  relative  humidity  inside  the  reaction  chamber  were 
monitored  with  a  Thunder  Scientific  Corporation  Model  HS-2CHDT-2A  digital 
humidity  and  temperature  measurement  system.  Relative  humidity  readings 
from  this  instrument  were  periodically  checked  by  dry  bulb-wet  bulb 
thermometry. 

A  Daslbl  Model  1003AH  ozone  monitor  was  used  as  the  standard  to 
measure  absorption  coefficients  directly  applicable  to  the  particular 
Instrumental  resolution  employed.  The  instrument's  calibration  had  been 
verified  previously  at  the  laboratory  of  the  California  Air  Resources 
Board  (El  Monte,  California). 

Likewise,  NO  and  NO2  infrared  absorption  coefficients  were  based  on 
readings  from  a  Thermo  Electron  Corporation  (TEC0)  chemiluminescence 
Instrument  which  had  been  calibrated  by  flow  methods.  As  revealed  by  our 
preliminary  experiments,  the  latter  Instrument  was  ill-suited  for  direct 
measurements  of  NO  and  NO2  in  the  present  reaction  systems  due  to  severe 
and  non-linear  Interferences  from  the  Individual  hydrazines  (and  possibly 
from  other  nitrogen-containing  products)  at  the  concentration  levels  of 
the  reactants  employed. 

2.5.4  Supplementary  Experiments  in  ~1 75  1  Teflon®  Reaction  Bags 

In  support  of  the  FT-1R  measurements  of  the  reaction  rates  of 
the  hydrazines  with  O3  in  the  3800  l  and  6400  l  environmental  chambers, 
several  such  reactions  were  conducted  in  -175  t  Teflon®  reaction  bags. 
The  latter  were  constructed  out  of  2-mil-thick,  180-cm  x  140-cm  FEP 
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Teflon®  sheets,  heat-sealed  around  the  edges,  and  fitted  with  Teflon® 
Injection  and  sampling  ports  at  each  end  of  the  bag* 

The  experimental  technique,  described  In  detail  elsewhere  (Reference 
15)  is  based  on  observing  the  increased  rate  of  ozone  decay  In  the 
presence  of  a  known  excess  of  a  reactive  compound. 

The  Teflon®  bag  was  Initially  divided  Into  two  subchambers  of  approx¬ 
imately  equal  volume  by  means  of  metal  rods  (Reference  15) .  One  of  these 
two  subchambers  was  filled  with  a  known  volume  of  ultra-high  purity  air; 
~20  cmJ  of  ~1Z  O3  In  O2  (produced  by  a  Uelsbach  T-408  ozone  generator) 
were  then  Injected  using  an  all-glass  gas-tight  syringe.  This  amount  of 
ozone  was  sufficient  to  yield  an  O3  concentration  of  -1  part-per-milllon 
(ppm)  In  the  entire  reaction  bag.  The  hydrazine  reactant  and  the  OH 
radical  trap  (when  required)  were  Introduced  Into  the  other  subchamber, 
again  using  ultra-high  purity  air  as  the  diluent  gas. 

The  reaction  was  then  initiated  by  removing  the  metal  rods  and  mixing 
the  contents  of  the  two  subchambers  by  pushing  down  on  alternate  sides  of 
the  entire  reaction  bag  for  ~1  min.  03  concentrations  were  monitored  as  a 
function  of  time  after  the  mixing  by  a  Monitor  Labs  Model  8410  chemilumin¬ 
escence  ozone  analyzer.  The  reactant  concentrations  In  the  entire  bag 
were  calculated  from  the  amount  of  reactant  introduced  and  the  total 
volume  of  air  used  to  fill  the  two  subchambers. 

Background  ozone  decay  rates,  in  the  absence  of  added  reactants,  were 
~10-5  sec-*  and  were  totally  negligible.  Known  pressures  of  hydrazine  and 
monomethylhydrazlne  were  Introduced  from  -5  Jt  Fyrex  bulbs,  and  all  reac¬ 
tions  were  carried  out  at  -296  K, 
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SECTION  III 

RESULTS  AND  DISCUSSION 


3.1  INFRARED  ABSORPTION  COEFFICIENTS 

The  absorption  coefficients  (at  appropriate  frequencies)  for  deter¬ 
mining  the  concentrations  of  the  hydrazines,  associated  products  and  other 
reactant  species  were  determined  In  the  reaction  chamber  at  pathlengths  of 
-20-120  m  at  known  ppm  concentrations.  The  same  Instrumental  functions  as 
used  In  all  of  the  ensuing  reaction  studies  were  employed.  In  particular, 
the  stated  resolution  of  1  cm”  *  is  that  of  an  unapodized  spectrum  which 
was  transformed  from  data  recorded  at  an  optical  path  difference  (OPD)  -  1 
cm  with  sampling  every  21  of  the  He-Ne  laser  line  to  yield  a  minimum-size 
(8192  points)  lnterferogram.  These  absorbance  measurements  used  spectra, 
as  displayed  on  the  oscilloscope  or  on  hard-copy  plots,  with  no  additional 
Interpolation  of  points.  Results  of  these  measurements  are  summarized  in 
Table  1. 

The  precise  values  of  the  frequencies  given  In  Table  1  are  the  posi¬ 
tions  of  discrete  points  as  generated  by  our  computational  method  and  may 
differ  slightly  with  those  derived  from  other  systems.  The  frequencies 
reported  for  each  compound  are  accurate  to  within  ±  0.10  cm-*.  For 
several  compounds  the  absorption  coefficient  Is  reported  only  for  the 
distinct  Q  branch  of  a  band  envelope.  Two  frequency  positions  In  paren¬ 
theses  [e.g.,  (974.36-973.39)  for  N2H4J  signify  that  the  absorption 
coefficient  Is  derived  from  peak-to-valley  measurement  of  a  narrow  Q 
branch  or  resolved  rotational  fine  structure.  All  other  determinations 
were  peak-to-baseline  measurements. 

The  present  values  of  the  absorption  coefficients  for  the  hydrazines 
are  slightly  higher  than  those  measured  In  our  previous  study  (Reference 
3),  possibly  due  to  a  slower  loss  of  the  hydrazines  to  the  walls  of  the 
much  larger  chamber  used  In  the  present  measurements. 

For  O3,  NO  and  NO2,  measurements  were  made  using  chemiluminescence 
Instruments  as  standards  (see  Secton  2.5.3).  In  our  previous  study 
(Reference  3),  absorption  coefficients  published  by  McAfee,  et  al.  (Refer¬ 
ences  21,  22)  for  O3  were  employed.  Since  these  absorption  coefficients 
correspond  to  the  lcwer  resolutions  obtained  with  a  dispersive  Instrument, 
our  previous  procedure  (Reference  3)  was  to  reduce  the  1  cm-*  resolution 
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TABLE  1.  INFRARED  MEASUREMENT  FREQUENCIES  AND  ABSORPTION  COEFFICIENTS 


Compound 

Frequency  (ca-*)* 

Absorption  Coefficient 
re."1  atm-*'  (base  e), 

1  cm-1  resolution  RTF**] 

Reference 

Detection  Limit 

(ppm)  at  68.3  m 

n2h4 

957.48 

6.6 

c 

0.20 

(974.36-973.39) 

3.3 

c 

0.22 

MMH 

889.02 

9.8 

c 

0.10 

889. 02 (Q) 

7.2 

c 

0.10 

UDMH 

909.75 

7.5 

c 

0.20 

1144. 55(Q) 

3.2 

c 

0.23 

HCHO 

2778. 92(Q) 

2781. 33(Q) 

7.8(ave) 

c 

0.15 

HCOOH 

1105. 49(Q) 

67.8 

c 

0.01 

CH3OH 

1033. 66 (Q) 

22.6 

c 

0.03 

CH3OOH 

1321. 00(Q) 

1.5 

d 

0.50 

CH2N  2 

2102. 03(Q) 

16.4 

ft 

0.04 

(CH3)2NNO 

1015.82 

20 

c 

0.05 

(CH3)2NN02 

1307.02 

34 

c 

0.04 

(CH3)2NN-NN(CH3)2 

1008.59 

37 

Reference  16 

0.03 

ch3ono2 

(855.76-857.20) 

22.1 

c 

0.03 

(1291.59-1293.52) 

22.0 

c 

0.03 

CO 

(2169.53-2170.01) 

12.8 

c 

0.05 

(2172.90-2172.42) 

13.0 

c 

0.05 

TABLE  1 


INFRARED  MEASUREMENT  FREQUENCIES  AND  ABSORPTION  COEFFICIENTS  (CONCLUDED) 


Compound 

—1  a 

Frequency  (cm  ) 

Absorption  Coefficient 
[cm-1  atm-1  (base  e), 

1  cm”*  resolution  RTP^) 

Reference 

Detection  Limit 

(ppm)  at  68.3  m 

°3 

1055.35 

15.1 

c 

0.10 

(1055.35-1054.87) 

6.4 

c 

0.11 

^2®2 

1251.09 

8.8 

f 

0.17 

(1251.58-1252.06) 

4.2 

f 

0.17 

NO 

1875.92 

2.7 

c 

0.27 

no2 

(1605.93-1605.45) 

10.8 

c 

0.07 

(1631.00-1631.48) 

15.9 

c 

0.05 

n2o 

2213.40 

21 

c 

0.04 

2237.02 

27 

c 

0.04 

HONO 

852.86(Q) 

13.3  total  HONO 

8 

0.06 

1264. 11(Q) 

18.6(cls  +  trans) 

0.04 

hno3 

879. 38(Q) 

27 

c 

0.03 

ho2no2 

803.21 (Q) 

27 

Reference  17 

0.03 

N2°5 

1246.27 

40 

Reference  18 

0.03 

nh3 

967.61 

24.6 

c 

0.03 

931.45 

20.6 

c 

0.04 

a(Q)  Indicates  absorption  coefficient  value  for  the  Q-branch  height  only;  two  frequencey  positions 
In  parentheses  denotes  peak-to-valley  measurement  of  Q-branch  or  resolved  fine  structure* 

■*Room  temperature  (296  K)  and  pressure  (~740  torr) .  cThls  work. 

^Derived  from  data  of  H.  Nlkl  (see  text).  eDerived  from  data  of  Urry,  et  al.  (Reference  19). 
fFrom  L.  Molina  and  M.  Molina  (private  communication). 

^Derived  from  data  of  Calvert,  et  al.  (Reference  20). 


FT-IR  spectrum  to  that  of  a  lower  resolution  (by  means  of  a  [alnx)  /x 
smoothing  function)  which  approximates  the  above  authors'  published 
spectra.  It  was  recognised  at  that  time  that  care  was  necessary  In  trans¬ 
lating  data  from  a  dispersive  Instrument  to  those  derived  with  an  FT-IR 
system,  particularly  for  absorption  bands  with  resolvable  fine  struc¬ 
tures.  Hie  discrepancy  arises  from  the  difference  In  instrumental  func¬ 
tions  between  the  two  types  of  instruments,  as  well  as  from  the  difference 
in  definitions  of  spectral  resolution  (Reference  23).  For  example, 
McAfee,  et  al.  (References  21,  22)  reported  an  absorption  coefficient  of 
9*7  cm-*  atm""*  (base  e)  for  the  1055  cm-*  0j  peak  at  ~1  cm-*  resolution; 
however,  their  spectra  are  more  comparable  to  our  FT-IR  spectra  smoothed 
to  a  resolution  of  2-4  cm-*.  In  the  present  work,  a  value  of  15.1  cm-* 
atm-*  at  our  defined  1  cm-*  resolution  was  measured  for  the  absorption 
coefficient  of  the  1055.4  cm-*  O3  peak  (Table  1). 

The  absorption  coefficient  for  the  Q  branch  of  methylhydroperoxlde  at 
1321.0  cm  *  was  derived  by  comparing  Intensities  of  the  broad  features 
(l.e.,  P  and  R  branches)  of  our  1  cm-*  resolution  spectrum  with  those  of  a 
calibrated  high-resolution  (1/16  cm-*)  spectrin  which  was  provided  by  Dr. 
Hiromi  Niki  of  the  Ford  Motor  Research  Laboratories  (see  also  Reference 
24).  The  value  for  the  2102.0  cm-*  Q  branch  of  diazomethane  (Cl^Nj)  was 
similarly  derived  from  the  data  of  Urry,  et  al.  (Reference  19),  while 
those  for  nitrous  acid  (HONO)  were  derived  from  the  work  of  Calvert,  et 
al.  (Reference  20).  Dr s .  L.  Molina  and  M.  Molina  (University  of  Califor¬ 
nia,  Irvine)  provided  the  absorption  coefficient  for  H2O2,  which  was 
measured  by  employing  s  constant  flow  of  H2O2  vapor  through  aim  path- 
length  absorption  cell.  The  absorption  coefficients  given  in  Table  1  for 
pern! trie  acid  (HOON02),  tetranethyltetrazene-2[(CH3)2NN-NN(CH3)2] ,  and 
nitrogen  pentoxlde  (N2O5)  are  literature  values  (References  16-18). 

For  product  spectra  involving  heavily  overlapped  absorptions  by  two 
or  more  species,  the  use  of  peak-to-valley  measurement  of  a  resolved  fine 
structure  is  more  convenient  and  often  more  accurate  than  peak-to-baseline 
measurement.  This  is  true,  for  example,  when  the  heavily  structured  band 
system  of  N2H4  centered  at  -940  cm-*  is  strongly  interfered  by  the  well- 
resolved  vibration-rotation  lines  of  the  NH3  inversion  doublet  at  ~950 
cm-*.  In  this  case,  neither  82^4  nor  ^3  can  be  subtracted  based  on  peak- 
to-baseline  absorbances  in  order  to  measure  the  other  component.  A 
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detailed  comparison  of  the  spectra  of  the  pure  compounds  showed  that  the 
peak-to-valley  measurement  of  the  974.4  cm“*  fine  structure  of  N2H4  (i*e* 
the  intensity  difference  between  points  at  974.36  and  973*39  cm-*,  Table 
1)  is  not  Interfered  with  by  NH3  absorptions.  Despite  the  lower 
absorption  coefficient  associated  with  this  procedure,  it  was  favored  over 
the  957.48  cm-*  peak-to-baseline  measurement  for  N2H4.  Where  appropriate, 
similar  procedures  were  followed  in  the  measurement  of  other  compounds 
(e.g.,  Oj,  HjOj,  HOj) * 

The  approximate  detection  limits  listed  in  Table  1  are  for  a  path- 
length  of  68.3  m  (as  noted  above,  total  pathlengths  of  68.3  m  and  102.4  m 
were  employed  throughout  this  study) .  For  the  narrow  Q-branch  features 
and  the  peak-to-valley  measurements,  the  calculated  Instrument  sensitivity 
is  based  on  detection  of  an  absorption  of  0.005  absorbance  units.  Detec¬ 
tion  limits  for  peak-to-baaellne  measurements  are  based  on  -0.01  absorb¬ 
ance  units,  since  inclusion  of  the  broader  band  envelopes  introduces  an 
additional  uncertainty  in  the  baseline  position. 

3.2  DARK  DECAY  OF  THE  HYDRAZINES 

Two  sets  of  experiments  were  carried  out  in  two  separate  chambers 

(R) 

(constructed  of  Teflon1*  film  from  the  same  roll  of  material)  to  study  the 
disappearance  from  the  gas  phase  of  the  hydrazines  in  the  dark.  The  first 
set  of  experiments  was  conducted  in  the  -6400  l  chamber  to  investigate  the 
dark  decay  of  N2H^,  JMH,  and  UDMH  in  dry  air  (RH  <  17X,  T  ~24°C)  .  Approx¬ 
imately  0.02  ppm  each  of  cyclohexane  and  2,2-dimethylpropane  were  intro¬ 
duced  into  each  hydrazine-air  mixture  to  serve  as  "tracers"  for  OH 
radicals  that  might  be  formed  during  the  dark  decay.  The  second  set  was 
carried  out  in  the  -3800  l  chamber  for  the  individual  hydrazines  and  for 
Aerozlne-50  under  both  dry  and  humidified  (RH  >  50X,  T  ~21°C)  condi¬ 
tions.  No  organic  tracers  were  employed  in  this  second  set  of 
experiments. 

The  dark  decay  half-lives  measured  are  summarized  in  Table  2,  along 
with  the  conditions  for  each  experiment.  Gas  chromatographic  analyses 
showed  no  significant  changes  in  the  concentration  ratio  of  the  organic 
tracers  for  each  of  the  first  set  of  experiments.  This  lndlcstes  that  no 
measurable  levels  of  OH  radicals  (i.e.,  <  4  x  10 cm-  )  were  generated 
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TABLE  2. 


DARK  DECAY  OF  HYDRAZINES  IS  TEFLON 


CHAMBERS . 


Date 

Compound 

X  Relative 
Humidity 
"Dry"  "Wet" 

T(°C) 

Length  of 
Experiment 
(hrs) 

Initial 

Cone. 

(ppm) 

Half-Life 

(hre)b 

27  May  1981 

N2H4 

13* 

24 

6 

11.4 

16.4  10.5 

12  Nov  1981 

Si  * 

12 

23 

4 

11.4 

6.8  ±  0.2 

13  Nov  1981 

ti 

12 

22 

6 

12.8 

10.8  ±0.2 

13  Nov  1981 

ti 

55 

22 

3.5 

11.5 

4.9  ±  0.1 

29  May  1981 

MMH 

10* 

24 

8 

11.5 

49.8  ±  2.8 

17  Nov  1981 

tl 

17 

22 

6 

10.3 

30.1  ±  0.7 

17  Nov  1981 

tl 

60 

21 

4.5 

9.3 

19.8  ±2.3 

28  May  1981 

UDMH 

11* 

24 

10 

12.3 

841  ±  384 

16  Nov  1981 

•I 

17 

22 

6 

13.1 

341  ±  64 

16  Nov  1981 

II 

50 

22 

4.5 

13.7 

70.9  ±  9.6 

18  Nov  1981 

Aerozlne-50: 

17 

21 

6 

n2h. 

12.4 

11.3  ±  0.3 

UDMH 

13.5 

204  ±  44 

24  Nov  1981 

Aerozlne-50: 

51 

20 

4 

fUH. 

12.3 

7.6  ±  0.3 

UDMH 

14.1 

113  ±  24 

"Carried  out 

in  the  6400  i  chamber; 

experiments 

in  November  1981  were 

conducted  In 

the  3800  1 

chamber- 

"Errors  given  correspond  to  one  standard  deviation. 


during  Che  decomposition  of  ^H^,  MMH  and  UDMH.  (The  use  of  a  pair  of 
organic  compounds,  one  with  low  reactivity  [in  this  case,  2,2-dimethylpro- 
pane]  and  the  other  with  relatively  high  reactivity  (cyclohexane]  towards 
OH  radicals  in  measuring  levels  of  OH  radicals  and  their  rates  of  reaction 
with  other  species  is  explained  in  more  detail  in  Section  3,3), 

The  decay  experiments  in  each  chamber  were  carried  out  with  no  inter¬ 
vening  experiments  involving  other  types  of  reactions  (e.g.,  hydrazines  + 
O3).  Prior  to  the  first  dark  decay  experiment  with  N2H4  (27  May  1981, 
Table  2),  a  preliminary  ^H^  +  O3  reaction  under  condition  of  excess  ^2^4 
was  the  only  experiment  conducted  in  the  6400  1  bag*  An  experiment  to 
determine  the  mixing  time  by  injecting  ozone  into  the  chamber  was  the  only 
run  performed  in  the  3800  A  bag  prior  to  the  first  (12  Nov  1981)  dark 
decay  experiment  with  NjH^  in  this  chamber* 

3*2.1  Hydrazine 

As  seen  in  Table  2,  the  decay  rate  of  N2H^  in  dry  air  was 
faster  in  the  3800  A  chamber  (12  Nov  and  13  Nov  1982  runs)  than  in  the 
6400  A  chamber  (27  May  1981  run)*  Of  the  two  experiments  carried  out  in 
dry  air  in  the  smaller  chamber,  the  second  (13  Nov  1981)  showed  a  signi¬ 
ficantly  slower  H2H^  decay  rate  than  the  first  (12  Nov  1981).  The  decom¬ 
position  rate  of  NjH^  has  been  reported  by  several  workers  (References  4, 

25)  to  be  highly  affected  by  the  surface  characteristics  of  the  reaction 
vessel*  Thus,  the  difference  in  the  decay  rates  observed  in  the  above  two 
runs  in  dry  air  may  be  largely  a  result  of  "conditioning"  of  the  chamber's 
Teflon®  walls. 

The  experiment  in  humidified  air  resulted  in  a  half-life  of  4.9  hours 
in  the  3800  A  bag  compared  to  10.8  hours  found  in  the  previous  run  in  dry 
air  on  the  same  day  (13  Nov  1981).  The  accelerated  decay  of  the  hydra¬ 
zines  in  wet  air  has  also  been  reported  by  previous  workers  (References  6, 

26) . 

The  decomposition  products  observed  were  ammonia  (NH3)  and  diazene 
(HN-NH).  For  the  dark  decay  experiments  on  13  November  1981,  the 
Increases  in  NH3  concentration  observed  at  the  end  of  the  reactions 
corresponded  to  ~6X  and  ~9X  of  the  l0,t  for  dry  and  humidified  air, 
respectively.  No  quantitative  measure  of  the  diazene  formed  can  be  given 
since  the  Infrared  absorption  coefficients  for  this  species  have  yet  to  be 
determined.  Based  on  relative  absorbances,  however,  the  proportionate 
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yield  of  dlazene  at  Che  end  of  Che  flrac  chree  hours  was  2. 7  times  higher 
in  humidified  air  Chan  in  dry  air.  (The  poslclve  idenCif icaCion  of  dia- 
zene  through  its  infrared  spectrum  is  discussed  in  Section  3.3.2). 

The  main  end-products  of  N2H^  decomposition  were  presumably  N2  and 
H20,  as  was  found  in  auto-oxidation  studies  by  Bowen  and  Birley  (Reference 
25)  in  the  temperature  range  100-160°C  and  by  Stone  (Reference  4)  in  more 
recent  experiments  at  room  temperature.  Of  course,  the  amounts  of  N2  and 
H20  that  were  possibly  generated  by  ^2^4  decomposition  represent  only 
minute  fractions  of  these  species'  initial  concentrations  in  the  chemical 
systems  we  employed,  and  thus  could  not  be  measured. 

3.2.2  Honomethylhydrazlne 

The  decay  of  Mffl  in  dry  air  was  significantly  slower  in  the 
6400  1  chamber  (29  May  1981  run)  than  in  the  3800  l  chamber  (17  Nov  1961 
run).  The  dark  decay  in  the  3800  i  bag  with  humidified  matrix  air 
proceeded  ~1.5  faster  than  in  dry  air  (17  Nov  1981  experiments). 

The  only  products  observed  by  Infrared  spectroscopy  were  NHj  and 
methyldlazene  (CHjN-NH).  At  the  end  of  the  experiments,  NH-j  formation 
constituted  only  2Z  and  4Z  of  MMH  loss  in  dry  and  humidified  air,  respec¬ 
tively  (17  Nov  1981  runs).  Within  the  errors  of  the  absorbance  measure¬ 
ments,  approximately  the  same  proportionate  amounts  of  methyldlazene  were 
formed  during  the  first  4  hours  of  the  above  two  experiments  conducted  in 
the  3800  l  chamber.  Reliable  absorption  coefficients  from  direct  measure¬ 
ments  are  not  available  for  methyldlazene;  however,  an  approximate  esti¬ 
mate  of  methyldlazene  concentration  at  the  end  of  4  hours  in  both  experi¬ 
ments  (17  Nov  1981  runs)  is  -0.3  ppm.  [This  estimate  of  methyldlazene 
yield  was  based  on  an  absorption  coefficient  derived  from  the  material 
balance  in  MMH  +  0j  systems  (see  Section  3.3.3).] 

Methane  and  nitrogen  were  observed  by  Vernot,  et  al.  (Reference  27) 
to  be  the  major  products  in  the  auto-oxidation  of  MMH  at  room  tempera¬ 
ture.  In  the  decay  of  MMH  at  ppm  concentrations.  Stone  (References  4,  28) 
detected  methane,  methanol,  methyldlazene,  and  other  products  with  unknown 
absorptions  in  the  Infrared.  However,  the  material,  size,  and  surface 
characteristics  of  the  reaction  vessels  used  by  the  above  authors  differed 
considerably  from  those  of  the  reaction  chambers  used  in  the  present 
study. 
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3.2.3  Unsymmetrlcal  Dimethylhydrazlne 

UDMH  displayed  the  highest  stability  among  the  three 
individual  hydrazines,  with  half-lives  in  dry  air  of  841  ±  384  hours  in 
the  6400  t  chamber  and  341  4  64  hours  in  the  3800  t  chamber.  The  large 
errors  in  the  decay  half-lives  reported  in  Table  2  are  inherent  to  the 
measurement  of  minute  concentration  changes  with  time.  A  comparison  of 
t,e  two  runs  on  16  Nov  1981  shows  that,  analogous  to  N2H4  and  MMH,  UDMH 
decayed  significantly  faster  in  humidified  air.  At  the  end  of  each 
experiment  on  16  Nov  1981,  less  than  5Z  of  the  small  total  losses  in  UDMH 
could  be  accounted  for  by  NH3  formation.  No  other  product  was  detected  by 
infrared  spectroscopy. 

Results  of  earlier  studies  which  are  relevant  to  the  above  experi¬ 
ments  are  those  of  Loper  (Reference  29),  Stone  (References  6,  28),  and 
Urry,  et  al.  (Reference  19).  All  found  that  the  dark  reaction  of  UDMH  in 
oxygen  atmospheres  produces  nitrogen,  water  and  formaldehyde  dimethylhy- 
drazone  [  (CH^^NN-C^]  •  Detectable  amounts  of  the  latter  product  were  not 
generated  in  our  reaction  systems  during  the  durations  of  these 
experiments  (~5-10  hours). 

3.2.4  Aerozine-50 

In  addition  to  the  dark  decay  studies  of  the  individual  hydra¬ 
zines,  the  decomposition  of  an  approximately  equimolar  mixture  of  NjH^  and 
UDMH  (Aerozlne-50)  was  monitored  in  the  3800  i  chamber.  The  samples  of 
N2H4  and  UDMH  were  introduced  separately  into  the  chamber  as  vapors. 

In  dry  air,  the  observed  decay  rate  of  the  N2H4  component  was  approx¬ 
imately  the  same  as  that  of  N2H4  alone  (Table  2).  A  shorter  half-life  for 
the  UDMH  component  than  for  UDMH  alone  was  found,  but  the  large  errors 
Involved  makes  this  comparison  less  certain.  Note  that  when  the  errors 
are  taken  as  two  standard  deviations,  the  half-life  for  UDMH  in  the 
Aerozlne-50  experiment  (18  Nov  1981)  overlaps  with  that  of  the  16  Nov  1981 
UDMH  run. 

Relative  to  the  decay  rate  in  dry  air  (18  Nov  1981),  the  Aerozlne-50 
components  decayed  faster  in  humidified  air  (24  Nov  1981).  However,  in 
this  humidified  system  both  N2H^  and  UDMH  displayed  longer  half-lives 
compared  to  the  individual  hydrazines  in  experiments  of  similar  conditions 
(13  Nov  and  16  Nov  1981  runs). 
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Ammonia  and  dlazene  were  the  only  observed  products  in  the  Aerozlne- 
50  decay  experiments,  suggesting  that  no  detectable  amounts  of  products 
were  formed  from  UDMH.  The  amount  of  NH^  formed  accounts  for  only  -32  and 
-42  of  N2H^  lost  in  dry  and  humidified  air,  respectively.  As  in  the  N2H^ 
experiments,  more  diazene  was  formed  in  humidified  air  (by  approximately  a 
factor  of  two  at  the  end  of  4  hours)  than  in  dry  air. 

The  only  previous  data  on  Aerozine-50  decay  in  oxygen  atmospheres  are 
those  from  the  work  of  Stone  (Reference  6).  Using  FT-IR  spectroscopy,  the 
same  major  products  as  those  formed  in  the  decomposition  of  the  individual 
hydrazines  were  observed:  NH3  and  H20  from  N2H^,  and  formaldehyde 
dimethylhydrazone  from  UDMH.  However,  Stone  observed  a  dramatic  Increase 
in  the  decay  rate  of  the  UDMH  component  in  a  20Z  02  -  802  He  mixture  over 
that  of  UDMH  alone  in  the  same  atmosphere  and  observed  that  the  N2H^  com¬ 
ponent  had  a  half-life  a  factor  of  two  longer  than  did  N2H^  alone.  Our 
decay  experiment  with  Aerozine-50  in  humidified  air  showed  a  relative 
decrease  in  the  decay  rate  of  the  N2H^  component  (13  Nov  and  24  Nov  1981 
runs,  Table  2).  However,  the  experiments  in  dry  air,  which  are  -acre  com¬ 
parable  to  Stone's  experiments,  did  not  show  a  significant  difference 
between  the  decay  of  the  N2H^  component  (18  Nov  1981)  and  that  of  N2H^ 
alone  (13  Nov  1981);  because  of  the  large  uncertainties,  the  apparent 
increase  in  the  decay  rate  of  UDMH  in  Aerozine-50  may  not  be  real.  The 
disparity  between  our  findings  and  those  of  Stone  (Reference  6)  strongly 
suggests  that  the  contribution  of  heterogeneous  processes  in  our  respec¬ 
tive  systems  were  significantly  different. 

3.2.5  Summary 

Although  references  have  been  made  to  previous  relevant  auto- 
oxidation  studies,  particularly  with  respect  to  the  identities  of  the 
products  observed,  the  present  data  on  the  dark  decomposition  rates  of  the 
fuel  hydrazines  are  generally  not  comparable  to  those  of  the  earlier 
investigations.  The  obvious  differences  stem  not  only  in  the  use  of 
different  concentration  regimes  (l.e.,  ppm  vs.  torr  concentrations),  but 
more  importantly  in  our  use  of  reaction  chambers  which  are  orders  of 
magnitude  larger  than  those  previously  employed  and  are  constructed  of  a 
material  (Teflon®  )  which  has  significantly  different  surface 
characteristics. 
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Even  within  our  consistent  set  of  experiments  in  the  large-volume 
Teflon^ chambers,  the  influence  of  surf ace-to-volume  ratio  and  altered 
surface  characteristic  were  evident.  Thus,  significant  differences  in  the 
decay  rates  for  all  hydrazines  were  observed  between  the  6400  i  and  3800  l 
chambers,  with  faster  decompositions  occurring  in  the  smaller  chamber. 
Likewise,  the  effect  of  surface  "conditioning"  was  apparent  in  the  two 
decay  experiments  conducted  in  dry  air.  The  dark  decay  rates 

observed  in  these  experiments  are  significantly  lower  than  those  observed 
in  our  initial  study  (Reference  3)  which  employed  an  ~30,000  l  outdoor 
Teflon^  chamber.  In  the  latter  study,  however,  the  chamber  was  suscepti¬ 
ble  to  particulate  contamination  (e.g.,  dusts  and  aerosols  from  air  pollu¬ 
tion)  since  it  was  routinely  flushed  with  ambient  air  before  the  final 
flush  and  fill  of  purified  air. 

No  simple  explanation  can  be  given  for  the  accelerated  decay  rates 
with  Increased  humidity.  The  common  alkyl  hydrazines  are  known  to  be 
hygroscopic  and  fume  in  moist  air;  hydrazine  itself  forms  an  extremely 
stable  hydrate,  b.p.  H9-i20°C,  from  which  it  is  released  only  by  solid 
alkali  (Reference  30).  The  baseline  slope  of  the  infrared  spectrum  in  the 
region  above  2000  cm-*  noticeably  Increased  with  time  in  the  experiments 
with  MMH  in  humidifed  air,  normally  an  indication  of  particulate  forma¬ 
tion,  but  no  similar  pattern  occurred  in  the  case  of  UDMH  or  N2H4.  Our 
Infrared  spectroscopic  observations  are  thus  inconclusive  with  respect  to 
the  possible  formation  of  the  hydrazine  hydrates  in  the  vapor  phase. 

The  mechanistic  aspect  of  the  decomposition  process  (autooxidatlon) 
for  the  hydrazines  remain  largely  unexplained  (Reference  31)  and  our 
experiments  were  not  Intended  to  deal  with  this  topic.  However,  the  use 
of  organic  tracers  in  one  3et  of  experiments  did  not  reveal  measurable 
levels  of  OH  radicals  formed  during  the  dark  decay  of  the  hydrazines.  The 
dark  decomposition  rates  determined  for  the  individual  hydrazines  allowed 
approximate  corrections  for  such  losses  to  be  made  in  measurements  of 
their  reactions  with  atmospheric  species  such  as  0j  and  N0X,  the  subjects 
of  this  Investigation. 

3.3  THE  REACTIONS  OF  HYDRAZINES  WITH  OZONE 

The  reactions  of  ozone  with  N2H4,  MMH,  and  UDMH  were  studied  in  the 
indoor  Tef Ion0'  chambers  under  at  least  three  different  reaction  conditions 
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and  employing  three  different  seta  of  initial  reactant  concentrations. 

The  reactant  concentrations  employed  were:  (1)  excess  hydrazine,  in  which 

-5  ppm  of  0-j  was  flushed  into  the  chamber  already  containing  10-20  ppm  of 

the  hydrazine;  (2)  equimolar,  in  which  ~10  ppm  of  0-j  was  flushed  into  the 

chamber  containing  -10  ppm  of  the  hydrazine;  and  (3)  excess  0j,  in  which 

-5  ppm  of  the  hydrazine  was  flushed  into  the  chamber  containing  10—20  ppm 

of  0j.  The  experiments  were  carried  out  in  air  (1)  without  any  other 

added  reactants  present,  (2)  with  ~0.2  ppm  each  of  n-octane  and  2, 2,3,3- 

tetramethylbutane  [or  hexamethy lethane  (HME)]  present  as  "tracers"  to 

monitor  hydroxyl  radical  levels  (see  below),  or  (3)  with  -270  ppm  of  added 

n-octane  present  as  an  OH  radical  trap.  In  addition,  one  equimolar  t^H^  + 

O^  run  was  conducted  in  an  N2  atmosphere  instead  of  air,  and  several 

kinetic  experiments  were  performed  in  which  the  rates  of  O3  decay  in  the 

(6) 

presence  of  excess  and  MMH  in  a  —175  £  Teflon4*  bag  were  measured.  One 

experiment  on  the  reaction  of  Aerozine-50  with  O3  at  initial  equimolar 
amounts  in  air  was  also  carried  out.  All  runs  were  conducted  at  20-25°C 
and  at  generally  low  (<  15%)  relative  humidities. 

The  "tracer"  experiments  were  carried  out  to  determine  whether,  and 
at  what  levels,  hydroxyl  radicals  were  generated  in  the  reaction  of  the 
hydrazines  with  ozone.  n-Octane  and  2, 2, 3,3-tetramethylbutane  were  chosen 
since  they  react  with  hydroxyl  radicals  with  significantly  different  rates 
[with  rate  constants  of  9.0  x  10-1^  and  1.1  x  10-1^  cm^  molecule-*  sec-1, 
respectively  (References  32,  33)],  they  do  not  react  with  0^,  and  they  can 
be  readily  analyzed  together  on  the  same  gas  chromatographic  column  (see 
Section  2.5.3).  Since  under  the  conditions  of  the  experiments,  reaction 
of  these  species  with  O3,  the  hydrazines,  and  HO2  ate  negligible,  and 
since  it  is  Improbable  that  they  react  significantly  with  N2H3  radicals, 
dlazenes,  or  any  other  intermediates  or  products  expected  to  be  Involved 
in  the  hydrazine  +  O3  system  (other  than  the  OH  radical),  the  only  mode  of 
consumption  of  these  two  organics  in  these  systems  should  be  via  reaction 
with  OH  radicals.  Thus, 

d [n-octane] /dt  -  -(kj[0H]  +  D) [n-octane]  (I) 

d[HME]/dt  -  -(k2 [OH]  +  D) [HME]  (XI) 
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where  k^  and  V-2  are  Che  OH  radical  rate  constants  for  n-octane  and  HME, 
respectively,  and  D  reflects  the  slight  dilution  in  the  tracers  which 
occurs  when  the  second  reactant  (Oj  or  hydrazine)  is  injected  into  the 
chamber.  The  effect  of  dilution  is  removed  by  combining  equations  (I)  and 
(II)  and  rearranging. 


d  In  ( [HME] / [n-octane] ) 
dt 


<kL  -  k2)  [OH] 


(HI) 


Integrating  equation  (III)  over  the  entire  Oj  +  hydrazine  reaction  time 
(tj  to  t2>  and  rearranging  then  yields 


h  rmnrf,  .  A  In  ([HME] /[n-octane]) 
\  C°H3dt  (  kj  -  k2) 


(IV) 


Thus  the  change  in  the  ratio  of  the  tracers  can  be  used  to  measure  the 
integrated  OH  radical  levels  formed  in  the  hydrazine  +  03  reactions. 
Since  n-octane,  the  more  reactive  of  the  tracers,  reacts  with  OH  radicals 
approximately  seven  times  slower  than  does  hydrazine,  the  presence  of  0,2 
ppm  each  of  the  tracers  in  reaction  mixtures  with  initial  hydrazine  con¬ 
centrations  of  >  4  ppm  should  have  an  essentially  negligible  perturbation 
on  the  overall  hydrazine  +  O3  reactions.  This  prediction  was  proven 
valid,  since  it  was  found  that  addition  of  the  tracers  had  no  noticeable 
effect  on  the  observed  reaction  rates,  reactant  stoichiometries,  or 
product  yields  (Sections  3, 3, 2-3, 3, 4), 

Since  OH  radicals  were  observed  to  be  present  in  these  O3  +  hydrazine 
systems,  the  radic.  1  trap  experiments  were  carried  out  in  order  to  deter¬ 
mine  the  effect  of  significantly  reducing  hydroxyl  radical  levels  on  the 
overall  reaction  rates,  product  yields,  and  reactant  stoichiometries, 
n-Octane  was  chosen  as  the  radical  trap  because  it  has  the  highest  OH 
radical  rate  constant  among  the  hydrocarbons  which  have  minimal 
Interferences  in  the  Infrared  analyses  and  also  do  not  react  with  O3. 
With  270  ppm  of  n-octane  present,  the  OH  radical  levels  should  be  reduced 
by  at  least  a  factor  of  3  in  the  excess  hydrazine  experiments  (based  on 
the  known  OH  +  n-octane  [Reference  32]  and  OH  +  hydrazine  [Reference  7] 
rate  constants),  and  by  at  least  a  factor  of  8  in  the  excess  O3  runs. 

The  detailed  concentration-time  data  from  the  environmental  chamber 
experiments  in  which  O3  was  reacted  with  ^H^,  MMH,  UDMH,  and  Aerozine-50 
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are  given  in  Appendices  A  to  D.  For  the  purpose  of  the  discussion  of  the 
results  given  below,  the  experiments  are  identified  by  the  table  number  in 
the  Appendix,  e.g.,  run  B-2  refers  to  the  MMH  +  O3  experiment  whose 
detailed  results  are  given  in  Table  B-2  of  Appendix  B.  In  the  foliating 
sections,  the  results  of  the  ^H^  +  O3  and  MMH  +  O3  kinetic  experiments 
performed  in  the  small  (-175  l)  bags,  and  of  the  reactions  of  O3  with 
N2H4,  MMH,  UDMH  and  Aerozine-50  in  the  large-volume  environmental  cham¬ 
bers,  are  discussed  and  a  mechanistic  Interpretation  of  the  results  is 
given* 

3*3.1  Rates  of  Reaction  of  O3  with  and  MMH  in  -175  i 
Reaction  Bags 

Ozone  decay  rates  were  measured  in  the  presence  and  absence  of 

(6) 

excess  ^2^4  and  MMH  ln  the  ~175  l  Teflon**  reaction  bags  employing  the 
experimental  techniques  described  in  Section  2.5.4*  For  three  of  the 
experiments  Involving  hydrazine  and  for  that  with  monomethylhydrazine,  as 
well  as  for  one  of  the  background  decay  determinations,  large  excess 
amounts  of  an  OH  radical  trap  (either  cyclohexane  or  n-octane)  were 
added.  In  the  absence  of  added  hydrazine,  the  O3  decay  rates  ranged  from 
0.0005  -  0.0016  min-*,  which  is  within  the  range  typically  observed  for 
these  bags.  In  the  presence  of  excess  N2H4,  the  O3  decays  were  very  much 
more  rapid,  with  O3  lifetimes  being  of  the  order  of  -1  min,  though  the 
decays  exhibited  a  significant  amount  of  scatter  around  the  fitted  expon¬ 
ential  decays.  This  scatter  may  have  been  due  to  instrumental  noise, 
since  the  ozone  monitor  necessarily  had  to  be  set  on  a  relatively  fast 
time  constant  (1  sec),  or  it  may  have  been  due  to  the  reaction  occurring 
on  the  order  of  the  mixing  time.  The  O3  decay  was  even  more  rapid  in  the 
single  experiment  carried  out  with  MMH,  with  the  observed  decay  rate  of 
-0.7  sec-*  (42  min-*)  possibly  being  limited  by  the  chart  recorder  pen 
response  time.  The  initial  conditions  and  the  observed  decay  rates  for 
these  experiments  are  summarized  in  Table  3. 

If  it  is  assumed  that  consumption  of  O3  by  reactions  with  the  prod¬ 
ucts  and  Intermediates  formed  is  negligible,  then  the  processes  removing 
O3  are: 

0*  +  wall  ♦  loss  of  O-i  (1) 


O3  +  hydrazine  ♦  products 
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TABLE  3.  INITIAL  CONCENTRATIONS  AND  0,  DECAY  RATES  FOR  THE 
REACTION  OF  0,  WITH  HYDRAZINE  AND  MONOKETHYLHYDRAZ INE  IN  THE 
~175  i  TEFLON® REACTOR. 


Run  No. 

Initial  Concentrations 

(ppm) 

O3  Decay  Rate 
(min”  ; 

°3 

n2h4 

MMH 

Radical 

Trap® 

1 

1.07 

_ 

- 

— 

0.0005 

2 

0.79 

- 

- 

-103 

0.0016 

3b 

1.19 

- 

- 

- 

0.0015 

4 

0.40 

9.7 

- 

- 

0.652  ±  0.05 

5 

0.15 

10.7 

- 

- 

1.47 

6 

0.24 

10.7 

- 

- 

1.58 

7 

0.21 

10.8 

- 

o 

o 

t 

1.38 

8 

1.03 

- 

- 

- 

0.0014 

9 

0.32 

5.7 

- 

- 

0.67 

10 

0.26 

5.4 

- 

- 

0.67 

11 

0.16 

5.6 

- 

-100 

0.76 

12 

0.26 

15.6 

- 

-200 

1.44 

13 

~0.4C 

“ 

5.2 

— 350d 

>  42 

^Radical  trap  «  cyclohexane,  except  a8  noted. 
b100  ppm  NH3  added. 

‘'Estimated  concentration;  decay  rate  too  rapid  to  determine  Initial  value. 
^Radical  trap  -  n-octane. 


and  hence 

-d[03]/dt  -  (kx  +  k2 [hydrazine] )  [03]  (V) 

where  k^  and  k2  are  the  rate  constants  for  reactions  (1)  and  (2).  With 
the  hydrazine  concentration  in  large  excess  over  the  Initial  03  concentra¬ 
tion  ( [hydrazine] / [03] >  10),  the  hydrazine  concentration  remains 
essentially  constant  throughout  the  reaction,  and  equation  (V)  may  be 
rearranged  to  yield: 

-dln[03]/dt  -  kj  +  k2 [hydrazine]  (VI) 

Thus,  from  the  dependence  of  the  ozone  decay  rate,  -dlnfOjI/dt,  on  the 
reactant  concentration,  and  with  a  knowledge  of  the  background  ozone  decay 
rate,  kj,  the  apparent  rate  constant  k2  may  be  readily  obtained. 
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The  ozone  decay  rates  observed  in  the  N2H^  experiments  are  plotted 
against  the  hydrazine  concentration  in  Figure  2.  The  data,  although 
appreciably  scattered,  yield  an  apparent  rate  constant  of  0.106  ±  0.022 
ppm-*  min-*  [(7  ±2)  x  10-*^  cm^  molecule-*  sec-*],  with  the  radical  trap 
having  no  obvious  effect.  The  O3  rate  observed  in  the  O3  +  MMH  experi¬ 
ment,  which  probably  reflects  primarily  mixing  time  and/or  instrument 
response  time,  yields  a  lower  limit  apparent  rate  constant  of  -8  ppm-1 
min-*  (~5  x  10-*^  cm^  molecule-*  sec-*). 

It  should  be  noted  that  the  apparent  rate  consants,  k2 ,  derived  in 
this  way  would  reflect  the  true,  elementary  O3  +  hydrazine  rate  constant 
only  if  no  product  is  formed  which  reacts  much  more  rapidly  with  O3  than 
does  the  parent  hydrazine.  (If  a  product  reacted  equally  rapidly,  it 
would  not  Influence  the  measurement  significantly  because  the  hydrazine, 
being  in  excess,  would  be  present  at  much  higher  concentrations.)  Unfor¬ 
tunately,  the  results  of  the  environmental  chamber  experiments,  described 
in  the  following  sections,  indicate  that,  at  least  for  hydrazine,  this  is 
probably  not  the  case.  Thus  the  O3  +  N2H^  rate  constant  derived  using 
this  technique  must  be  considered  an  upper  limit  value. 

3.3.2  Reactions  of  Hydrazine  with  Ozone  in  Environmental  Chambers 

A  total  of  nine  experiments  in  which  was  reacted  with  O3 
in  air  and  one  in  which  it  was  reacted  in  N2  were  performed.  The  detailed 
concentration-time  data  for  the  reactants  and  products  monitored  by  FT-IR 
for  all  ten  of  these  experiments  are  given  in  Appendix  A  and  a  summary  of 
the  conditions  and  results  are  given  in  Table  4.  In  two  of  the  excess 
hydrazine  runs  (with  and  without  the  n-octane  radical  trap:  A-l  and  A-7), 
a  second  injection  of  O3  was  carried  out  following  the  consumption  of  the 
initially-added  O3,  and  the  results  of  these  second  injections  are  also 
summarized  in  Table  4. 

In  all  cases  but  one,  the  reaction  went  to  completion  within  the  time 
frame  of  the  experiments,  with  either  hydrazine  or  ozone  being  completely 
consumed  within  2-20  minutes,  depending  on  the  conditions.  The  only 
exception  was  run  A-4,  the  equimolar  run  with  added  tracers,  where  neither 
reactant  was  in  excess  throughout  the  reaction  (Table  A-4),  and  small 
levels  of  both  reactants  (<  0.2  ppm)  were  present  when  monitoring  stopped 
after  -21  minutes.  For  the  other  runs ,  the  times  required  for  the  reac¬ 
tions  to  go  to  completion  are  evident  from  the  detailed  data  in  Appendix 
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DECAY  RATE  (min-*) 


^Absorbance  of  the  1276.7  c*“l  Q  broach  (ot  1  cn~l  resolution,  60.3-neter  poth)  divided  by  A 
^Second  03  Injection  to  e  reacted  Mixture:  product  yields  reflect  changes  In  coaceatretloae. 
id2H2  use  initially  present  In  the  reacted  Mixture  end  vea  consumed  by  the  additional  Oj  Injected. 
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A,  and  are  indicated  In  Table  4  as  the  "reaction  time"  —  the  time  of  the 
first  or  second  spectrum  acquisition  performed  after  one  of  the  reactants 
was  consumed* 

Estimates  of  the  apparent  overall  rate  constants  for  the  reaction  of 
ozone  with  hydrazine  were  obtained  from  the  rates  of  decay  of  hydrazine  in 
the  presence  of  excess  ozone  and  from  the  rates  of  decay  of  O3  in  excess 
These  rates  depended  on  whether  or  not  the  n-octane  radical  trap 
was  present*  As  shown  in  the  plots  of  lnfOj]  against  time  in  Figure  3, 
the  O3  decays  in  the  excess  N2H4  runs  in  the  absence  of  the  radical  trap 

were  exponential  and  corresponded  to  apparent  overall  O3  +  rate  con¬ 

stants  of  (8*7  ±  1.4)  x  10“^  and  (8*3  ±  1*2)  x  10-2  ppm-*  min-*  ([6.0  ± 
1.0]  x  10-17  and  [5.7  ±  0.8]  x  10-*7  cm^  molecule-*  sec-*)  for  runs  A-l 
and  A-2,  respectively,  in  good  agreement  with  the  apparent  rate  constant 
of  (7  i  2)  x  10-*7  cor*  molecule-*  sec-*  derived  from  the  experiments 
employing  the  -175  t  Teflon1*  bags  (Section  3.3.1).  (The  uncertainties  in 
the  rate  constants  derived  for  runs  A-l  and  A-2  reflect  primarily  those  of 
the  changes  in  the  hydrazine  concentration  used  to  calculate  the  rate 
constant;  the  uncertainties  Introduced  by  the  scatter  of  the  O3  decay  data 
were  much  smaller.) 

The  good  agreement  between  the  results  of  runs  A-l  and  A-2  indicates 
that  the  presence  of  the  radical  tracers  did  not  affect  the  overall  rate 

of  reaction.  The  O3  decay  in  the  excess  N2H4  run  (A-7)  conducted  in  the 

presence  of  the  radical  trap,  included  in  Figure  3,  was  also  exponential, 
but  corresponded  to  an  overall  rate  constant  of  (5.9  ±  0.6)  x  10-2  ppm-* 
min  *  ([4.1  dr  0.4]  x  10-*7  cor*  molecule-*  sec-*),  which  is  a  factor  of  1.4 
lower  than  those  obtained  in  the  absence  of  the  radical  trap.  This  result 
is  in  apparent  conflict  with  the  results  of  the  -175  l  Teflon®  bag  runs, 
where  the  presence  of  the  radical  trap  was  observed  to  have  no  measurable 
effect. 

The  apparent  rate  constant  obtained  from  the  rate  of  decay  of  hydra¬ 
zine  in  excess  O3  depended  even  more  strongly  on  the  presence  of  the 
radical  trap.  Without  the  trap,  the  overall  reaction  in  the  excess  O3 
runs  was  much  more  rapid  than  observed  in  the  excess  N2H4  or  the  equimolar 
runs,  with  being  completely  consumed  in  less  than  -1.4  minutes  (runs 

A-l  [second  injection],  A-5,  and  A-6).  This  corresponds  to  an  upper  limit 
apparent  rate  constant  of  -0.4  ppm-*  min-*  (-3  x  10-*^  cm^  nwlecule-* 
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ELAPSED  TIME  (min  ) 

Figure  3.  Plots  of  IntOj]  Against  Elapsed  Time  for  the  N2H4  +  Og  Chamber  Experi¬ 
ments  in  which  N2H4  Was  in  Excess.  ([O3]  in  ppm;  Plots  Offset  by  +4 
Log  Units  for  Run  A-l,  and  by  +2  Units  for  A-2.)  9  -  Experimental 

Points  Used  to  Calculate  Least  Squares  Lines  Shown;  (•)  -  Calculated 
O3  Injected  (Not  Used  to  Calculate  Lines). 


sec-*),  which  is  over  a  factor  of  3  higher  than  the  rate  constant  derived 
from  the  excess  hydrazine  runs*  In  the  presence  of  the  radical  trap*  the 
N2H4  decay  in  excess  O3  was  considerably  slower  (run  A-9),  and  is  shown  in 
Figure  4,  where  a  plot  of  lnt^H^]  against  time  is  given.  The  N2H4  decay 
was  reasonably  exponential  and  corresponds  to  an  overall  rate  constant  of 
(4.3  ±  0.5)  x  10-^  ppm-*  min-*  ([3.0  ±  0.3]  x  10-*^  cm*  molecule-* 
sec-*).  This  is  about  30Z  lower  than  the  rate  constant  derived  from  O3 
decay  in  excess  N2H4  when  the  radical  trap  was  present. 

In  the  three  runs  with  the  added  n-octane  and  HME  tracers,  both  HME 
and  n-octane  were  observed  to  decline  when  O3  and  reacted,  with  the 
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Figure  4.  Plot  of  ln[N2H4]  Against  Elapsed  Time  for  the  N2H4  +  03 
Chamber  Run  A-9  Performed  in  Excess  03  in  the  Presence 
of  the  Radical  Trap.  0  -  Experimental  Points  Used  to 
Calculate  the  Least  Squares  Line  Shown;  (•)  -  Calculated 
N2H4  Injected  (Not  Used  to  Calculate  Line). 
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amount  of  tracers  consumed  and  the  [HME]  /  [octane]  ratio  increasing  as  the 
initial  [OjJ/INjR^J  ratio  increased*  As  discussed  above,  this  indicates 
the  formation  of  OH  radicals  in  this  system,  with  their  overall  levels 
being  higher  when  O3  is  in  excess.  This  is  consistent  with  the  results  of 
the  radical  trap  experiments,  where  the  suppression  of  the  overall  rates 
by  the  radical  traps  also  indicated  the  Intermediacy  of  hydroxyl  radicals, 
and  where  the  greatest  effect  was  observed  in  the  excess  O3  system,  indic¬ 
ating  greater  radical  levels  in  that  system*  Mechanistic  implications  of 
this  are  given  in  Section  3*3.6* 

The  hydrazine-03  stoichiometry  was  also  observed  to  vary  with  the 
initial  ratio  and  to  be  affected  by  the  addition  of  the 
radical  trap.  In  the  absence  of  the  radical  trap,  the  ratio  of  the  react¬ 
ants  consumed  ( A [O3] )  ranged  from  ~0.7  when  N2H£  was  in  excess,  to 
-1.0  in  equimolar  mixtures,  to  -1*4  when  O3  was  in  excess  (Table  4).  The 
presence  of  the  radical  trap  appeared  to  Increase  the  aatount  of  O3  con¬ 
sumed  for  a  given  amount  of  N2H^  reacted,  with  the  A[03J ratio 
ranging  from  ~1*0  in  excess  to  almost  2  in  excess  O3. 

The  major  products  observed  by  ST-IR  spectroscopy  in  the  *^4  +  °3 
experiments  were  hydrogen  peroxide  (^Oj)  and  dlazene  (N2H2).  Much 
smaller  Increases  in  ammonia  (NH^) ,  over  its  initial  levels  as  an  impur¬ 
ity,  were  observed  during  the  reactions*  Nitrous  oxide  (N2G)  was  observed 
as  a  minor  product  and  was  generally  above  the  detection  limit  only  in 
runs  with  excess  O3  in  the  absence  of  radical  trap;  however,  significantly 
higher  yields  were  measured  in  the  reaction  conducted  in  an  N2  atmosphere. 

The  concentration-time  profiles  observed  in  the  N2H^  +  O3  experiment 
with  approximately  equimolar  reactants  (run  A-4)  are  shown  in  Figure  5, 
and  Figure  6  Illustrates  the  reactant  and  product  spectra  at  selected 
times  in  that  experiment*  The  strongest  absorptions  of  N2H2  could  be 
clearly  seen  only  upon  subtraction  of  the  H202  absorption  band  centered  at 
1266.0  cm-*-.  H202,  NH3,  and  N20  were  observed  in  our  previous  study 
(Reference  3),  but  this  is  the  first  time  that  we  report  the  detection  of 
N2H2  as  a  product  of  the  N2H^  +  ^3  reaction.  Our  previous  study  employed 
much  longer  pathlengths  (-500  m)  such  that  the  relatively  larger  H20 
Interferences  at  >  1250  cm“*  made  it  difficult  to  confirm  the  presence  of 
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Figure  5.  Concentration-Time  Plots  for  Reactants  and  Selected  Products 
Observed  in  the  NjHij  +  03  Run  A-3  with  Equimolar  Reactants. 
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Figure  6.  Infrared  Spectra  from  N2Hf,  +  Oj  Experiment  with 
Equimolar  Reactants  (Run  A-4);  Res  =  1  cm-1, 
Pathlength  =  68.3  m.  (a)  Initial  N2Hi,,  (b)  Reac¬ 
tion  Mixture  at  t  *  1.4  min,  (c)  Reaction  Mixture 
at  t  ■  20.8  min. 
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The  spectrum  of  N2H2  In  the  ~1300-cm~*  region  is  presented  in  Figure 
7  and  was  derived  from  an  N2H^  +  O3  experiment  (A-l)  carried  out  under 
conditions  of  excess  The  general  location  of  the  absorptions 

corresponds  to  those  expected  for  the  anti-symmetric  NNH  bending  and  the 
torsional  modes  of  N2H2  (References  34,  35).  Individual  line  positions, 
indicated  in  Figure  7,  agree  closely  with  those  tabulated  by  Blau  and 
Hochheimer  (Reference  36)  for  gaseous  as  produced  by  streaming  anhy¬ 

drous  N2H4  through  a  low-power  microwave  discharge.  Additional  weak  lines 
were  observed  in  the  3000-3200  cm-*  region  which  generally  agreed  with 
those  reported  by  the  above  authors  (Reference  36),  but  this  region  was 
relatively  noisier  due  to  the  lower  response  of  the  HgCdTe  detector  In 
this  spectral  range.  Neudorfl,  et  al.  (Reference  37)  found  no  evidence 
for  isomers  other  than  trans-^I^  in  samples  prepared  by  the  microwave 
discharge  method  or  by  thermal  decomposition  of  alkali  metal  tosylhydra- 
zldes  (Reference  38).  Thus,  the  spectrum  of  N2H2  presented  in  Figure  7  is 
most  likely  that  of  the  trans  form. 

The  detailed  concentration-time  data  for  the  major  and  minor  products 
observed  in  these  runs  are  given  in  Appendix  A,  and  the  relative  yields 
are  summarized  in  Table  4.  (For  the  1R  absorption  coefficients  are 

unknown,  and  thus  the  yields  are  expressed  in  absorbance  units.  Although 
the  absolute  yields  of  N2H2  could  not  be  determined,  the  absorbance  norm¬ 
alized  by  the  amount  of  reacted  [Table  4]  can  give  an  indication  of 

how  the  relative  yields  are  affected  by  reaction  conditions.)  The  N2H2 
yields  were  strongly  affected  by  the  ratio.  In  air,  N2H2  remained 

at  the  end  of  the  reaction  only  in  the  excess  hydrazine  runs  and  was 
observed  as  a  transient  intermediate  In  the  equimolar  runs  and  the  excess 
runs,  with  only  very  low  levels  observed  in  the  latter  case.  In 
addition,  when  O3  was  added  to  a  reacted  mixture  already  containing  N2H2 
(runs  A-l  and  A-7),  the  latter  species  rapidly  disappeared,  indicating  a 
fast  reaction  between  O3  and  ^83-  The  presence  of  the  radical  trap  did 
not  significantly  affect  the  dlazene  yields  in  the  excess  hydrazine  runs 
or  the  rate  of  dlazene  decay  when  O3  was  added  to  mixtures  already 
containing  ^83*  However,  the  transient  ^83  levels  in  the  equimolar  run 
with  the  radical  trap  were  somewhat  lower  than  those  in  the  equimolar  runs 
without  the  trap  (with  a  maximum  N2H2  absorbance  of  only  0.008  units 
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Figure  7.  Spectra  Illustrating  Detection  of  Diazene  in  N2H4  +  03 
Reaction  (Run  A-l,  t  ■  1.4  min.);  Res  =  1  cm"  ,  Path- 
length  =  68.3  m.  (a)  Superimposed  Absorptions  of  H202 
and  HN=NH,  (b)  HN=NH  Spectrum  after  Subtraction  of 
H202  Absorptions. 
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observed  In  run  A— 8*  compared  with  maxima  of  0*038  and  0*042  in  runs  A— 3 
and  A-4,  respectively) . 

The  H2O2  yields  were  far  less  sensitive  to  the  initial  O3/N2H4  ratio 
in  the  runs  without  the  radical  trap  than  in  experiments  with  the  radical 
trap  present.  In  the  absence  of  the  trap,  the  relative  H202  yields  ranged 
from  50-60%  of  the  N2H4  reacted  in  excess  N2H4  down  to  ~40%  in  excess 
O3.  When  the  trap  was  present,  the  H202  yields  were  suppressed  by  just 
over  a  factor  of  2  in  excess  hydrazine  to  over  a  factor  of  10  in  excess  O3 
relative  to  the  H2O2  yields  for  the  runs  without  the  trap* 

One  run  was  performed  in  which  hydrazine  was  reacted  with  an  equal 
amount  of  O3  in  an  atmosphere  of  N2  rather  than  air*  (The  system  was  not 
completely  free  of  Oj  since  "1300  ppm  O2  was  added  with  the  O3  sample.) 
No  radical  trap  or  tracers  were  present.  The  results  of  this  run  differed 
from  the  corresponding  equimolar  runs  in  air  in  the  following  respects: 
(1)  The  reaction  occurred  significantly  faster  in  N2,  with  the  Initial 
rate  of  O3  decay  being  approximately  a  factor  of  2-3  higher.  (2)  About 
401  more  O3  was  consumed  per  hydrazine  consumed  in  the  run  carried  out  in 
N2  compared  to  the  run  in  air,  i.e.,  AtOj] /A^H^]  *  1.4  Instead  of  1. 

(3)  The  N2H2  yield  was  higher  in  the  N2  run  than  in  the  corresponding 
equimolar  runs  done  in  air;  this  could  be  due  to  the  fact  that  in  the 

former  case  the  O3  was  consumed  more  rapidly.  (4)  The  H2O2  yield  was 

almost  a  factor  of  3  lower  In  the  run  carried  out  in  the  N2  atmosphere 

than  in  the  run  carried  out  in  air.  (5)  Small  amounts  of  HONO  and  N20 
were  observed  in  the  N2  run.  Although  these  were  still  minor  products 
(being  <  3%  and  <  2%  of  the  N2H^  consumed,  respectively),  they  were  not 

detected  in  moat  of  the  runs  performed  in  air.  In  the  few  cases  where  N20 

was  detected,  the  yields  were  lower.  The  results  of  this  experiment 
clearly  indicate  that  02  must  play  a  role  in  the  +  O3  mechanism. 

3.3.3  Reactions  of  Monomethylhydrazlne  with  Ozone  in  Environmental 
Chambers 

The  detailed  concentration-time  data  for  the  reactants  and 
products  monitored  by  FT-IR  spectroscopy  in  the  nine  experiments  in  which 
was  reacted  with  MHH  are  given  in  Appendix  B,  and  a  summary  of  the 
conditions  and  results  are  given  in  Table  5.  In  two  of  the  excess  MMH 

runs  (B-l  and  B-7)  and  two  of  the  equimolar  runs  (B-3  and  B-8),  a  9econd 

Injection  of  O3  was  made  in  order  to  observe  further  reaction  of  the 
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remaining  MMH  and  the  reactive  products  formed  after  the  Initially- 
Injected  O3  was  consumed*  The  results  of  these  second  injections  are  also 
summarized  In  Table  5. 

With  the  exception  of  run  B-4  (equimolar  reactants  with  added 
tracers),  the  consumption  of  the  Initial  reactants  (MMH  or  O3)  was 
complete  within  1  minute,  although  In  some  cases  reactions  of  the  products 
continued.  This  reaction  time  held  even  for  the  experiments  carried  out 
with  radical  traps,  where  a  time  resolution  for  FT-IR  analysis  as  short  as 
0.25  min  was  attempted.  The  observed  anomalous  reaction  time  for  run  B-4 
might  have  resulted  from  unmonitored  variations  in  our  Injection  pro¬ 
cedures  (see  Section  2.5.1)  which  caused  non-uniform  mixing  within  the 
time  scale  of  the  reaction. 

Although  the  use  of  FT-IR  spectroscopy  allowed  the  reactant  concen¬ 
trations  to  be  measured  every  0.25  min  In  the  runs  with  radical  traps,  the 
data  points  recorded  were  within  (or  just  a  few  seconds  beyond)  the  mixing 
time  (-30  sec)  in  the  chamber  (see  Section  2.1).  Thus,  these  data  are 
probably  not  suitable  for  rate  calculations.  On  the  basis  of  reaction 
times  of  less  than  -2  min  In  the  above  experiments,  all  we  can  conclude  Is 
that  the  overall  apparent  MMH  +  O3  reaction  rate  Is  >  1  ppm-*  min-*  or 
>  10-15  cm^  molecule-*  sec-*,  which  is  consistent  with  the  probable  lower 
limit  of  -5  x  10-*5  cm^  molecule-*  sec-*  obtained  using  a  -175  l  reaction 
bag. 

As  In  the  NjH^  +  O3  system,  the  stoichiometry  of  the  reactants 
consumed  in  the  MMH  +  O3  system  depended  on  the  ratio  of  Initial  reactants 
and  on  the  presence  of  radical  traps.  Indeed,  within  the  experimental 
uncertainties  the  results  were  in  most  cases  essentially  the  same  as  those 
In  N2H4  +  O3  systems.  Thus  A[03]/A[MMH]  ranged  from  -0.9  in  excess  MMH  to 
1.3  In  excess  O3  In  the  absence  of  the  radical  trap  (compared  to  -0.8-1. 4 
for  N2H4  +  O3),  and  ranged  from  0.7  In  excess  MMH  to  1.9  In  excess  O3  when 
the  radical  trap  was  present  (compared  to  1.0-1.9  for  N2H4  +  03).  It  Is 
not  clear  whether  the  difference  between  the  MMH  +  O3  and  ^H^  +  O3 
stoichiometries  in  the  excess  hydrazine  with  radical  trap  runs  (0.7  for 
MMH  vs.  1.0  for  N2H4)  are  significant  or  merely  reflect  the  experimental 
uncertainties. 

The  >MH  +  O3  system  was  also  similar  to  the  +  ®3  8y*te®  in  that 
the  n-octane  and  HME  tracers  were  observed  to  decrease  as  the  hydrazine 


42 


and  O3  reacted  i  with  the  amount  consumed  increasing  as  the  initial 
03/hydrazine  ratio  increased*  However,  in  the  MMH  case,  the  dependence  on 
the  Oj/hydrazine  ratio  was  more  extreme,  with  the  change  in  the  ratio  of 
the  tracers  (i.e.  the  Integrated  hydroxyl  radical  levels)  in  the  MMH  +  O3 
system  being  less  than  that  in  the  corresponding  N2H4  run  wlth  «*ces8 
hydrazine  or  with  equimolar  reactants,  but  being  greater  than  for  N2H^  in 
excess  O3. 

The  major  products  observed  in  the  O3  +  MMH  system  were  CH3OOH, 
CH3NNH,  HCHO,  CH2N2,  and  H202,  with  lower  yields  of  CH3OH,  CO,  and  HC00H; 
traces  of  NH3  and  N20  were  also  formed*  The  majority  of  the  above  prod¬ 
ucts  were  observed  in  our  previous  study  (Reference  3).  There  is  no  evid¬ 
ence  for  the  formation  of  nitrous  acid  or  aerosol  in  this  system,  and  it 
is  believed  that  all  significant  products  have  been  identified. 

Figure  8  illustrates  the  concentration-time  profiles  for  the  react¬ 
ants  and  products  observed  in  the  MMH  +  O3  reaction  with  initial  equimolar 
amounts  of  reactants  (run  B-3) ,  and  Figure  9  shows  IR  spectra  of  the  major 
products  observed  in  that  experiment*  The  spectral  region  at  -2800  cm  * 
where  HCHO  was  measured  is  not  included  in  Figure  9,  due  to  space  limita¬ 
tions*  Also,  the  NH3  absorptions  have  been  subtracted  for  the  sake  of 
clarity*  The  product  spectrum  recorded  at  1.4  min  from  the  start  of  the 
first  O3  injection  (Figure  9b)  clearly  shows  the  formation  of  CH3NNH, 
CH3OOH,  CH3OH,  H202,  and  CH2N2*  A  second  injection  of  O3  was  made  12  min 
after  the  first*  Figure  9c  was  recorded  1*4  min  after  the  start  of  this 
second  O3  injection*  It  shows  the  disappearance  of  CH3NNH  and  a  marked 
decrease  in  the  amount  of  CH2N2  (which  eventually  was  consumed),  with  a 
corresponding  growth  of  CH3OOH  and  CH3OH. 

The  infrared  absorption  coefficients  for  CH3NHH  are  not  available, 
thus  only  the  absorbance  values  for  its  Q  branch  at  845.2  cm-*  are  given 
in  the  tables  in  Appendix  B.  However,  an  estimated  absorption  coefficient 
of  7  ±  2.5  cm-*  atm-*  can  be  derived  based  on  the  carbon  balance  in  the 
MMH  +  O3  runs  in  which  methyldlazene  was  formed.  This  absorption  coeffi¬ 
cient  was  used  to  obtain  the  CH3NNH  yields  shown  in  Table  5,  with  an 
estimated  uncertainty  of  *  35Z*  The  relative  changes  of  these  yields  with 
reaction  conditions  are  much  less  uncertain,  however. 

The  above  estimate  of  an  absorption  coefficient  for  CH3NNH  was  made 
possible  by  the  good  carbon  balance  generally  observed  in  the  MMH  4-  O3 
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Figure  9.  Infrared  Spectra  from  MMH  +  O3  Experiment  with  Equimolar 
Reactants  (Run  B-3);  Res  *  1  cm-1,  Pathlength  *  68.3  m. 
(a)  Initial  MMH,  (b)  Reaction  Mixture  at  t  *  1.4  min 
after  First  O3  Injection,  (c)  Reaction  Mixture  at  t  * 

1.4  min  after  second  O3  Injection.  The  Absorptions  of 
NH3  have  been  Subtracted  from  (a),  (b) ,  and  (c) . 
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systems .  That  all  major  carbon-containing  products  were  accounted  for  was 
verified  from  the  results  of  the  second  03  injection  in  runs  with  excess 
MMH  or  equimolar  reactants,  with  or  without  radical  traps.  Following  the 
second  O3  injection  and  consumption  of  CH3NNH  in  runs  B-l,  B-3,  and  B-8 
(see  Appendix  B  for  detailed  data) ,  the  products  observed  accounted  for 
92-98X  of  the  initial  carbon;  however,  only  '•85Z  of  the  initial  carbon  was 
accounted  for  by  products  in  run  B-7  (excess  MMH,  radical  trap).  For  runs 
with  initial  excess  ozone,  the  carbon  balances  observed  were  '-118X  for 
B-5,  ~104X  for  B-6,  and  ~111%  for  B-9.  It  is  possible  that  for  the  latter 
runs  the  initial  MMH  concentrations  were  not  as  well  determined,  since  in 
these  runs  MMH  was  Injected  into  the  reaction  chamber  already  containing 
O3;  for  runs  with  excess  MMH  and  equimolar  reactants,  MMH  was  Injected 
first  and  its  concentration  verified  by  its  Infrared  spectrum  before  reac¬ 
tion  with  O3. 

As  seen  in  Table  5,  the  relative  yields  of  the  organic  products 
varied  considerably  depending  on  the  initial  O3/MMH  ratio  and,  to  a  lesser 
extent,  on  the  presence  of  radical  trap.  The  yields  of  methyldiazene 
(like  its  analogue,  dlazene,  formed  in  the  N2H4  +  O3  system)  decreased 
markedly  as  the  O3/MMH  ratio  Increased,  and  methyldiazene  was  not  observed 
when  O3  was  in  excess.  The  observation  that  CH3NNH  already  present  in  a 
reacted  mixture  disappeared  in  less  than  ~1  min  after  excess  0-j  was  added 
(see  Tables  B-l,  B-3,  B-7,  and  B-8)  can  be  attributed  to  a  rapid  reaction 
between  CH^NSH  and  O3.  The  dlazomethane  yields  were  also  observed  to 
decrease  as  the  O3/MMH  ratio  increased,  indicating  that  diazomethane  also 
reacts  with  O3.  The  reduced  CH3NNH  and  CH2N2  yields  in  the  higher  O3  runs 
were  offset  primarily  by  increased  yields  of  HCHO  and  CH3OOH,  with  HCHO 
not  being  observed  in  the  excess  MMH  runs,  but  becoming  a  major  product  in 
excess  O3. 

The  relative  yields  of  the  organic  products,  and  their  dependences  on 
the  initial  O3/MMH  ratio,  changed  somewhat  when  the  radical  trap  was 
present.  The  presence  of  the  radical  trap  caused  HCHO  to  Increase  under 
all  conditions,  though  it  was  still  highly  dependent  on  the  O3/MMH 
ratio.  On  the  other  hand,  CH2N2  yields  were  much  less  dependent  on  the 
O3/MMH  ratio  in  the  presence  of  the  trap  than  in  the  runs  without  the 
trap.  In  the  presence  of  the  trap,  the  Increased  yields  of  HCHO  and  of 
CH2N2  at  higher  O3/MMH  ratio,  were  offset  primarily  by  reduced  yields  of 
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CHjOOH.  The  CHjOOH  yields  sad  their  dependence  on  the  O3/MMH  ratio  did 
not  appear  to  be  as  strongly  Influenced  by  the  presence  of  the  traps  as 
the  yields  of  the  other  major  products* 

The  H202  yields  in  the  MMH  +  O3  system  were  a  factor  of  ~3  lower  than 
those  in  the  corresponding  N2H^  +  O3  runs,  but  exhibited  the  same 
dependence  on  the  03/hydrazine  ratio  and  on  the  presence  of  the  radical 
trap*  Thus,  the  H202  yields  in  the  MMH  +  O3  system  in  the  absence  of  the 
radical  trap  ranged  from  15-20?  of  the  MMH  consumed  in  the  excess  MMH  run 
to  10-15?  in  the  excess  0j  run,  with  the  yields  in  the  presence  of  the 
trap  being  much  lower  and  more  dependent  on  the  O3/MMH  ratio* 

In  the  runs  in  which  O3  was  added  to  mixtures  already  containing  the 
MMH  -I-  O3  products,  both  methyldiazene  and  diazomethane  were  observed  to  be 
consumed  (runs  B-l,  B-3,  B-7,  and  B-8).  The  apparent  reaction  between  O3 
and  diazomethane  was  considerably  slower  than  that  between  O3  and  methyl¬ 
diazene,  since  the  former  reaction  occurred  at  measurable  rates,  while  the 
latter  was  essentially  "instantaneous"  relative  to  the  time  resolution  of 
the  FT-IR  monitoring  technique*  In  all  cases,  the  diazomethane  decay  was 
exponential* 

Figure  10  shows  plots  of  ln[CH2N2]  against  time  for  the  four  runs 
(B-l,  B-3,  B-7,  and  B-8)  where  O3  was  added  to  the  reacted  mixture,  and 
for  the  excess  03-radical  trap  run  (B-9)  where  O3  and  CH2N2  co-existed. 
The  slight  curvature  observed  around  the  end  of  runs  B-7  and  B-8  are 
attributed  to  a  decrease  in  the  O3  concentration  due  to  reaction*  For  the 
runs  carried  out  in  the  presence  of  the  radical  trap  (runs  B-7,  B-8  and 

B-9) ,  the  apparent  rate  constants  were  (in  units  of  10-1^  cm3  molecule-1 
sec-1)  3.3  ±  0.3,  3.2  ±  0*2  and  3.5  ±  0.1,  respectively;  these  values  give 
an  average  apparent  rate  constant  of  (3*3  ±  0.1)  x  10-1^  cm-1  molecule-1 
sec-1.  In  the  absence  of  the  radical  trap,  the  agreement  was  not  as  good; 
the  apparent  rate  constants  (in  units  of  10-1^  cm^  molecule-1  sec-1)  were 
8.1  ±  0.2  and  9.3  ±  1.3  for  runs  B-l  and  B-3,  respectively,  which  were 
factors  of  1.5-3  higher  than  observed  when  the  trap  was  present.  These 
data  suggest  that  secondary  reactions  of  CH2N2  (other  than  with  O3)  were 
occurring  in  the  absence  of  the  radical  trap. 

When  O3  reacted  with  CH2N2,  Increased  levels  of  CO  and  HCH0  were 
observed  in  those  runs  where  a  sufficient  amount  of  diazomethane  reacted 
(Tables  B-7  and  B*-8).  N20  was  also  observed  to  Increase  when  CH2N2 
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figure  10.  Plots  of  ln[CH2N2]  Against  Elapsed  Time  for  MMH  +  03  Runs  in  which 
Diazoroethane  Reacted  in  the  Presence  of  Excess  03.  ([CH2N2]  in 

ppm;  Plots  Offset  by  +7,  +5,  +4,  and  +3  Log  Units  for  Runs  B-7, 
B-8,  B-9  and  B-2,  Respectively.)  6,  £3  -  Experimental  Points  Used 
to  Calculate  the  Least  Squares  Lines  Shown;  (•)  -  Points  Not  Used 
to  Calculate  the  Least  Squares  Line. 
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reacted  with  O3  in  run  B-l,  but  not  In  the  other  runs.  The  amount  of  0j 
consumed  was  ~6S-80Z  of  the  dlazomethane  reacted*  The  increase  In  CO  and 
HCHO  was  only  "-SOX  of  the  amount  of  dlazomethane  reacted,  suggesting  the 
formation  of  other  products.  However,  no  significant  changes  In  the 
levels  of  CH3OOH,  CH3OH,  HCOOH,  H202,  NH3,  N20  or  HONO  were  observed  to 
result  from  the  CH2N2  +  O3  reaction,  although  the  possibility  of  C02  being 
formed  cannot  be  ruled  out. 

3.3.4  Reactions  of  Unsymmetrlcal  Dlmethy lhvdrazlne  with  Ozone 

In  Environmental  Chambers 

The  detailed  concentration-time  data  for  the  reactants  and 
products  In  the  seven  UDMH  +  O3  experiments  are  given  in  Appendix  C,  and  a 
summary  of  the  conditions  and  results  are  given  in  Table  6.  In  the  excess 
UDMH  and  equimolar  runs  without  the  radical  trap  and  tracers  (runs  C-l  and 
C-3),  and  In  the  excess  UDMH  and  equimolar  runs  with  the  radical  trap 
(runs  C-6  and  C-7),  a  second  O3  Injection  was  carried  out  to  react  with 
the  remaining  UDMH;  the  results  of  these  second  Injections  are  also 
summarized  In  Table  6. 

The  rate  of  reaction  of  UDMH  with  O3  was  observed  to  be  at  least  as 
fast  as  that  of  MMH  with  O3.  The  detailed  concentration-time  data  in 
Appendix  C  show  that  either  UDMH  or  O3  was  completely  consumed  within  the 
mixing  time  (~30  sec)  In  the  reaction  chamber.  In  fact,  for  the  equimolar 
run  in  the  presence  of  radical  trap  (run  C-7),  where  FT-IR  monitoring 
Included  analyses  at  15  sec  Intervals,  no  O3  was  detected  In  the  second 
spectrum  recorded  at  t  •  0.35  min  from  the  start  of  O3  Injection.  Since 
an  upper  limit  of  -2  min  can  be  safely  assumed  for  the  reaction  times  In 
these  experiments,  the  overall  apparent  rate  constant  for  the  UDMH  +  O3 
reaction  must  be  greater  than  ~10-*®  cm^  molecule""*  sec-*.  The  reaction 
stoichiometry  (4(03] /A (UDMH] )  was  1.3  -  1.4  for  the  excess  hydrazine  and 
equimolar  runs  without  the  radical  trap  (runs  C-l,  C-2,  C-3,  and  C-4),  and 
1.5  -  1.8  for  all  other  runs.  It  could  not  be  ascertained  from  these  data 
whether  the  stoichiometry  depends  significantly  on  the  O3/UDMH  ratio  and 
the  presence  of  radical  trap,  or  whether  the  variations  observed  resulted 
from  experimental  uncertainties.  This  contrasts  with  the  other  hydrazines 
(N2H^  and  t#ffl) ,  where  there  was  a  clear  dependence  on  both  the  reactant 
ratio  and  the  presence  of  the  radical  trap. 
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TABLE  8.  SUMMARY  OF  CONDITIONS  AND  RESULTS  FOR  THE  UDKH  ♦  03  EXPERIMENTS.* 
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0, 
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MONO 
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. 
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No 
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3.3 
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57 

14 

9 

<  14 

1 

<  1 
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5 

4 

<  2 
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No 
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16. A 

4.3 

3.2 

1.3 

0.4 

53 

12 

7 

<  16 

1 

1 
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5 

3 

<  2 

0.6 

J 

No 

No 

10.  1 

9.9 

f  9 

1.4 

59 

16 

5 

13 

1 

0.3 

0.4 

8 

4 

1 

<  1.3 

*  -a 

No 
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9.6 

9.9 

6.9 

1.4 

1.0 

61 

16 

6 

10 

i 

0.7 

0.3 

7 

3 
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0.7 
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No 
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4.5 
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4.5 
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67 

24 

-0 

21 

2 
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0.4 

9 

1 

4  2 
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No 
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2.0 

1.7 

71 
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1 
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1 
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No 
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72 

9 

-3 
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3 

1 
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No 

No 

5.6 
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61 

13 

j 

26 

2 

1 

0.5 

8 

2 

2 
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No 

No 

3.1 

15.9 
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1.7 

62 

29 

j 

35 

4 

4 

1 

9 
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6 

-0 

Yes 

No 
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75 

9 

4 

17 

2 

0.7 
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4 

l 

-0.8 

-0 
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No 

4.2 

16.3 

*.5* 

1.4 

73 

18 

j 

20 

3 
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0.4 

4 
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*All  reaction*  wer«  carried  out  In  air;  reaction  tine  *  2  aln.  for  all  experiments. 
bRim  identification  (ID)  correspond*  to  the  cable  nuaber  to  Appendix  C. 

<:,,Y«s"  meana  either  -230  ppm  or  -270  ppm  of  n-octane  was  present  as  radical  trap. 

^"Yea"  aeana  -0*2  ppm  each  of  n-octane  and  hexamethylathane  (HMB)  were  present  as  tracers  fo  OH  radicals  (see  footnote). 

*J (OHJdt  was  calculated  from  the  change  of  ln( (HME] / (n-octane] )  with  the  use  of  known  rate  constants  for  the  reaction  of  OH  radicals  with  ME 
(Reference  33)  and  n-octane  (Reference  32). 

*  Value*  preceded  by  "<"  sign  were  based  on  detection  Halt;  others  were  measured  values. 

^Estimated  uncertainty  is  ±  35t;  absorption  coefficient  was  derived  from  carbon  balance  In  MB  +  0j  experiments  (aee  taxt) . 

^Second  0j  Injaction  to  a  reacted  mixture:  product  yields  reflect  changes  in  concentrations. 

1 Includes  0.13  ppm  of  CHjHHH  which  wss  consumed. 

J  Initially  present  end  was  consumed  following  the  injection  of  0^. 
k Includes  0.38  ppm  of  CH  jNHH  which  w.4»  consumed. 

^Includes  0.23  ppm  of  CH^NNH  which  was  consumed. 


As  with  the  other  hydrazines,  the  n-octane  and  HME  tracer  concentra¬ 
tions  decreased  when  O3  and  UDMH  reacted,  with  increased  amounts  of  the 
organic  tracers  consumed  as  the  O3/UDMH  ratio  Increased.  The  Integrated 
OH  radical  levels  calculated  from  the  changes  In  the  ratio  of  the  tracers 
are  approximately  50Z  of  those  observed  in  the  system,  and  the  effect 
of  changing  the  03/hydrazine  ratio  appears  to  be  the  same  for  both  N2H4 
and  UDMH.  This  contrasts  with  MMH,  where  changing  the  O^/hydrazlne  ratio 
had  a  much  greater  effect.  This  Is  somewhat  surprising,  in  view  of  the 
fact  that  other  data  Indicates  the  +  O3  mechanism  is  more  similar  to 
that  of  the  MMH  +  O3  system  than  the  UDMH  +  O3  mechanism  (Reference  3); 
but  this  may  be  due  to  the  larger  variety  of  reactive  products  in  the  MMH 
system,  relative  to  those  from  and  UDMH. 

The  major  product  observed  in  the  UDMH  +  O3  system  was  N-nitrosodi- 
methylamine  (NDMA) ,  with  significant  yields  of  CH3OOH,  CH3NNH,  and  H202, 
minor  yields  of  CHjOH,  CO,  HCOOH,  HONO,  N02  and  NH3,  and  traces  of  0^2 
also  being  observed.  There  was  no  evidence  for  aerosol  formation  in  this 
system.  A  representative  IR  spectra  obtained  from  the  UDMH  +  O3  experi¬ 
ment  with  equimolar  initial  reactants  (run  C-3)  are  shown  in  Figure  11. 
The  absorption  bands  of  NDMA  are  seen  to  be  the  dominant  features  of  the 
product  spectrum  (Figure  lib).  An  unidentified  product,  with  its 
strongest  absorption  at  ~976  cm”*,  was  detected  upon  subtraction  of  the 
NDMA  absorptions  (Figure  11c).  This  unknown  product  was  observed  to  form 
in  all  experiments  conducted  in  the  absence  of  the  radical  trap. 

As  seen  in  Table  6,  the  NDMA  yields  were  generally  ~55-65X  of  the 
UDMH  consumed  in  the  absence  of  the  radical  trap  and  -70-75X  when  the 
radical  trap  was  present.  The  yields  of  the  other  products  were 
suppressed  significantly  by  the  presence  of  the  radical  trap.  Within  each 
class  of  runs,  i.e.,  with  and  without  the  radical  trap,  the  NDMA  yields 
Increased  slightly  with  the  initial  O3/UDMH  ratio.  In  general,  the  HCHO 
and  CH3OOH  yields  increased  with  the  O3/UDMH  ratio,  while  the  CH3NNH  yield 
decreased.  The  UDMH  +  O3  system  differed  from  those  of  the  other  hydra¬ 
zines  in  that  HONO,  and  to  a  lesser  extent  N02,  were  produced.  The  high¬ 
est  yields  of  HONO  were  observed  in  the  runs  without  the  radical  trap  and 
when  the  O3/UDMH  ratio  was  low.  The  UDMH  +  O3  system  also  differed  from 
the  others  in  that  H202  concentrations  were  not  only  lower  than  observed 
from  the  other  hydrazines  +  O3  systems,  but  that  they  Increased  when  the 
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Figure  11.  Infrared  Spectra  from  UDMH  +  O3  Experiment  with 
Equimolar  Reactants  (Run  C-3) ;  Res  =  1  cm-1, 
Pathlength  =  68.3  m.  (a)  Initial  UDMH,  (b)  Reac 
tion  Mixture,  Minus  Unreacted  UDMH,  at  t  = 

1.4  min,  (c)  from  (b)  with  (CH3)2NNO  Bands 
Subtracted . 


Oj/hydrazine  ratio  increased,  the  opposite  of  what  was  observed  in  the 

N2H4  and  the  MMH  systems. 

The  products  enumerated  above  account  for  most  of  the  initial 
carbon.  For  reactions  carried  out  with  excess  UDMH  (runs  C-l,  C-2,  and 

C-6)  91-93%  of  the  initial  carbon  could  be  accounted  for  by  the  products 
detected  (see  detailed  tables  in  Appendix  C);  for  the  equimolar  runs  (C-3, 
C-4,  and  C-7)  the  range  was  84-87%.  Under  excess  O3  conditions,  such  as 
those  for  the  second  O3  injections  in  runs  C-l,  C-3,  C-6,  and  C-7,  the 
product  analyses  yielded  a  carbon  balance  of  81-87%;  an  exception  was  the 
higher  value  of  91%  for  run  C-5  (carried  out  with  tracers),  where  the 

intial  UDMH  concentration  was  not  as  well-determined  as  those  for  the 
others. 

3.3.5  Reactions  of  Aerozlne-50  with  O3  in  Environmental  Chambers 
and  Measurements  of  the  Rate  of  Reaction  of  Formaldehyde 
Hydrazone  with  Ozone 

One  experiment  was  carried  out  in  which  Aerozine-50  (consist¬ 
ing  of  -8  ppm  each  of  an<*  UDMH)  was  reacted  with  -17  ppm  of  O3, 

followed  by  a  second  addition  of  -17  ppm  ozone  after  the  initial  reaction 
had  gone  to  completion.  No  radical  trap  or  tracers  were  present  in  this 
experiment.  The  detailed  concentration-time  data  of  the  reactants  and 

products  are  given  in  Table  D-l,  and  are  illustrated  in  Figure  12. 

As  observed  in  the  reaction  of  O3  with  UDMH  alone,  the  reaction  of  O3 
with  the  UDMH  component  of  Aerozine-50  went  to  completion  in  less  than  2 
min;  during  that  period,  approximately  60%  of  the  N2H^  component  and 
almost  95%  of  the  O3  were  consumed.  The  rate  of  N2H^  decay  during  this 
period  was  similar  to  that  observed  in  the  N2H^  +  O3  run  A-3,  where 
similar  levels  of  N2H^  reacted  in  the  presence  of  a  slight  excess  of  O3 
and  where  more  than  half  the  N2H^  was  consumed  in  the  first  few  minutes. 
The  subsequent  decay  rate  of  the  remaining  O3  in  the  presence  of  the 
excess  remaining  N2h^  component  was  also  reasonably  consistent  with  the 
results  of  runs  A-l  and  A-2,  where  N2H^  alone  was  reacted  with  O3  under 
condition  of  excess  N2H^.  The  overall  Aerozine-50  +  O3  stoichiometry 
(6(03! /A( (N2H^1  +  (UDMHJ)J  during  the  initial  period  was  -1.3,  which  is 
also  consistent  with  results  obtained  in  the  individual  N2h^  +  O3  and  UDMH 
+  O3  systems.  Thus,  there  is  no  evidence  of  any  synergistic  effects  on 
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the  rates  of  reaction  or  reactant  stoichiometry  when  a  mixture  of  N2H4  and 
UDMH  are  reacted  with  O3. 

The  expected  products  from  the  UDMH  +  Oj  reaction  (i.e.,  NDMA,  HCHO, 
CH3OOH,  HCHO,  and  HONO)  were  observed  to  be  formed  immediately  when  UDMH 
was  consumed,  and  with  approximately  the  same  relative  yields  as  those 
observed  when  O3  was  reacted  with  UDMH  alone,  Dlazene,  formed  from  the 
N2H4  +  O3  reaction,  was  also  observed.  The  H2O2  yield  corresponded  very 
closely  to  that  expected,  based  on  the  amount  of  each  hydrazine  consumed 
and  the  relative  H2O2  yields  from  each  of  the  hydrazines,  when  reacted 
separately  under  similar  conditions.  The  only  additional  product  observed 
was  formaldehyde  hydrazone  (H2NN-CH2) »  which  was  produced  from  the  reac¬ 
tion  of  the  remaining  wlth  the  HCHO  generated  by  the  UDMH  +  O3 

reaction.  Further  studies  of  the  reactions  of  the  hydrazines  with  formal¬ 
dehyde  are  discussed  in  Section  3,5. 

When  the  second  injection  of  ozone  was  made  into  the  reacted  mixture, 
both  the  remaining  N2H^  and  the  formaldehyde  hydrazone  were  consumed.  The 
N2H^  +  O3  reaction  went  to  completion  in  less  than  -l  min,  this  rapid  rate 
being  in  general  agreement  with  the  results  of  the  N2H4  +  excess  O3  exper¬ 
iments  performed  in  the  absence  of  other  reactants  or  with  the  organic 
tracers  (runs  A-5  and  A-6,  respectively).  The  hydrazone  decay  followed  a 
good  exponential  curve,  as  is  shown  in  Figure  13,  which  gives  a  plot  of 
In  [H2NN-CH2]  against  time  following  the  second  O3  injection.  The  slight 
curvature  observed  can  be  attributed  to  some  consumption  of  O3  during  the 
experiment.  The  H2NN«CH2  concentrations,  though  not  necessary  for  this 
first  order  plot,  were  calculated  using  an  absorption  coefficient  of  5.8 
cm-*  atm-*  for  the  921.3  cm1-*  Q  branch,  derived  from  a  material  balance  of 
the  N2H^  +  HCHO  experiment  described  in  Section  3.5.1.  The  decay  rate 
corresponds  to  an  apparent  H2NN**CK2  +  O3  rate  constant  of  (3.6  ±  0.2)  x 
10-'1'  ppm-*  min-*  ([2.5  ±  0.1]  x  10“*^  cm"*  molecule"*  sec”*).  Formaldehyde 
and,  to  a  much  lesser  extent,  formic  acid  appear  to  be  the  major  organic 
products  formed  in  the  reaction  of  formaldehyde  hydrazone  with  O3,  since 
these  products  Increased  in  concentration  during  the  duration  of  that 
reaction. 

3.3.6  Mechanism  for  the  Reactions  of  Hydrazines  and  Their  Reaction 

Products  with  Ozone 

The  results  of  the  hydrazines  plus  ozone  experiments  discussed 
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In  [CH2=NNH2] 


-0.5 


ELAPSED  TIME  (min) 

Figure  13.  Plot  of  ln[CH2=NNH2]  Against  Elapsed  Time  for  the  Aerozine-50 
Run  Following  the  Second  Ozone  Injection  ([CH2=NNH21  1°  PPm)  . 
6  -  Experimental  Points  Used  to  Calculate  Least  Squares  Line; 
(•)  -  Experimental  Point  Not  Used  to  Derive  Line. 


in  the  previous  sections  are  for  the  most  part  consistent  with  the  mechan¬ 
istic  interpretation  we  gave  in  our  previous  publications  (References  3, 
10,  39),  based  on  the  data  obtained  in  our  initial  study  of  the  hydrazines 
+  O3  systems.  In  particular,  based  on  mechanistic  considerations,  we 
predicted  that  diazene  (N2H2)  should  be  an  Intermediate  formed  in  the  ^2^4 
+  O3  system  which  can  react  readily  with  Oj,  and  that  hydroxyl  radicals 
are  involved  in  the  reactions  of  all  three  hydrazines  with  ozone.  These 
predictions  have  been  experimentally  confirmed  as  a  result  of  our  present 
experiments.  We  have  also  observed  in  this  work  that  the  addition  of  an 
OH  radical  trap  significantly  affects  the  overall  reaction  rates,  product 
yields,  and  reactant  stoichiometries  in  all  three  systems.  On  the  other 
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hand,  Che  reactant  stoichiometries  In  the  N2H£  +  O3  and  MMK  +  O3  systems 
were  more  variable  than  expected,  and  our  failure  to  suppress  diazomethane 
yields  in  the  O3  +  MMH  system  by  the  addition  of  the  radical  trap  means 
that  our  original  explanation  for  diazomethane  formation  in  that  system, 
which  involved  the  reaction  of  OH  radicals  with  methyldiazene,  was 
incorrect.  In  addition,  the  data  which  show  that  OH  radicals  are  involved 
in  the  UDMH  +  O3  reaction  and  that  the  presence  of  a  radical  trap  does  not 
change  the  reactant  stoichiometry  are  difficult  to  reconcile  with  reason¬ 
able  reaction  mechanisms  for  that  system. 

In  the  following  sections,  our  previously  proposed  mechanisms  for  the 
reactions  of  the  hydrazines  with  ozone  are  reviewed  and  discussed  in  light 
of  the  new  data,  and  the  possibility  of  alternative  or  additional  reac¬ 
tions  occurring  are  discussed,  based  on  a  reevaluation  of  the  mechanism. 

3. 3. 6.1  Reaction  Mechanism  for  NjH^  +  Q^.  in  our  previous 
reports  of  our  initial  study  (References  3,  10),  we  proposed  that  the 
overall  N2H^  +  O3  mechanism  was  a  chain  reaction  with  OH,  N2H3  and  N2H2 
acting  as  the  chain  carriers.  Under  atmospheric  conditions,  the  process 
is  initiated  by  the  attack  of  O3  on  N2H^,  which  was  assumed  to  occur  as 
follows: 


h2nnh2  +  o3  ♦  h2nnh  +  OH  +  o2 


with  propagation  by  the  following  reactions: 


h2nnh2  +  OH  ♦  h2nnh  +  h2o 


h2nnh  +  o2  +  HN-NH  +  ho2 


HN-NH  +  03  ♦  OH  +  02  +  HN2 


and  termination  by 


k 

*-*  H0_  +  N„ 


(3) 

(4) 

(5) 

(6) 


HN-NH  +  OH  ♦  H20  +  HN2 


b 


ho2  +  n2 


(7) 
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(Under  conditions  of  sufficiently  lew  Oj,  relative  to  termination 

also  occurs  due  to  the  net  buildup  of  N2H2O  The  major  fate  of  HO2  is 
self -reaction  to  form 

H02  +  H02  H202  +  02  (8) 

The  results  obtained  in  this  study  are  generally  consistent  with  the 
above  scheme  since:  (a)  N2H2*  which  previously  was  just  a  postulated 

intermediate ,  has  now  been  directly  observed ,  (b)  the  results  of  the 

hydrocarbon  tracer  and  the  radical  trap  experiments  indicate  that  the 

hydroxyl  radical  is  Indeed  involved  in  the  mechanism,  and  (c)  the  results 
of  the  exploratory  N2H^  +  Oj  "equimolar"  experiment  performed  in  an  N2 

atmosphere  (run  A-10),  in  which  a  higher  overall  reaction  rate  and  ~40Z 
more  O3  consumption  was  observed  than  the  corresponding  equimolar  runs 
performed  in  air  (runs  A-3  and  A-4;  see  Table  4),  clearly  indicate  that  02 
is  Involved  in  the  mechanism.  The  higher  overall  rate  and  the  increased 

O3  consumption  in  the  N2  atmosphere  can  be  attributed  to  the  chain  branch¬ 

ing  resulting  from  the  reaction  of  O3  with  N2H3 

HjNNH  +  03  +  HN-NH  +  OH  +  (>2  (9) 

becoming  competitive  with  the  reaction  of  O2  with  N2H3  under  low  O2 
conditions. 

The  observed  dependences  of  stoichiometry,  product  yields,  and  inte¬ 
grated  hydroxyl  levels  on  Initial  reactant  ratios  shown  in  Table  4  are 
reasonably  consistent  with  the  above  scheme.  The  variable  stoichiometry, 
with  A [ 0-j ]  / increasing  with  the  initial  O3/N2H4  ratio  in  both  the 
presence  and  the  absence  of  the  radical  trap,  can  be  attributed  to  the 
competition  between  the  reactions  of  O3  with  N2H2  (reaction  6)  and  with 
N2H4  (reaction  3),  Thus,  under  conditions  of  high  N2H4/O3  ratios,  the 
N2H4/N2H2  ratio  is  also  high  so  Chat  less  O3  is  consumed  by  reaction  with 
N2H2"  This  in  turn  means  less  0^  Is  consumed  per  reacted  than  would 

be  the  case  in  excess  O3,  where  most  of  the  formed  consumes  an  addi¬ 

tional  molecule  of  O3.  The  decrease  in  N2H2  yields  with  increased  O3/N2H4 
ratios  is  also  consistent  with  this.  In  addition,  the  fact  that  the  inte¬ 
grated  hydroxyl  radical  levels  Increase  with  the  O3/N2H4  ratio  is 
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consistent  with  the  reaction  of  N2H4  with  Oj  being  a  source  of  OH  radicals 
and  the  reaction  of  OH  radicals  with  N2H4  being  an  OH  radical  sink,  since 
the  former  process  Increases  in  importance  and  the  average  ^^2  level  de¬ 
creases  as  the  O3/N2H4  ratio  la  increased. 

The  results  of  the  radical  trap  runs  are  also  consistent  with  the 
above  scheme.  The  addition  of  n-octane  causes  the  following  reaction  to 
dominate  over  reactions  (4)  and  (7) 

®2 

n-octane  +  OH  +  R02  +  H^O  (10) 

where  RO2  represents  the  four  possible  octylperoxy  radical  isomers  formed 
by  the  rapid  reaction  of  the  initially  formed  1-,  2-,  3-,  or  4-octyl 
radicals  with  02«  The  major  fate  of  RO2  under  these  conditions  is 
probably  reaction  with  HO2 


ro2  +  ho2  -  ro2h  +  o2 

since  consumption  of  RO2  by  self-reaction 

R02  +  R02  +  ROH  +  R'§R"  +  02 


or 


R°2  +  R02  ♦  2  R0  +  02 


K  ,4- + 


HO. 


(ID 


(12a) 

(12b) 


is  less  important,  because  the  rate  constant  for  the  self-reaction  of 
secondary  peroxy  radicals,  the  dominant  type  of  RO2  formed  by  reaction 
(10)  (Reference  32),  is  ■'1000  to  5000  times  lower  than  that  for  reaction 
with  H02  (Reference  40).  Reactions  (10)  and  (11)  account  for  the 
observation  that  the  addition  of  the  radical  trap  greatly  suppresses  the 
h2^2  yield*  especially  under  high  03/N2H^  conditions.  The  fact  that  some 
H2O2  Is  observed  to  be  formed  in  the  excess  hydrazine-radical  trap  run  (A- 
7)  could  be  due  to  the  fact  that  not  all  of  the  OH  radicals  formed  react 
with  the  trap  (based  on  the  OH  +  n-octane  [Reference  32]  and  OH  +  N2H4 


\ 
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[Reference  7]  rate  constants),  such  that  the  rate  of  formation  of  HO2  is 
greater  than  that  of  RO2,  resulting  in  the  HO2  formed  not  all  being 
consumed  by  reaction  (11)* 

In  the  presence  of  excess  radical  trap,  the  reaction  mechanism,  pri¬ 
marily  reactions  (3),  (5),  (6),  (10),  and  (11)  is  no  longer  a  chain 

process,  and  the  overall  reaction  can  be  represented  by 

N2H4  +  O3  +  n-octane  +  +  R02H  +  H20 

in  the  limit  of  sufficiently  high  N2H4  such  that  the  competing  reaction  of 
O3  with  N2H2  is  negligible,  and  by 

°2 

N2H4  +  2  03  +  2  n-octane  *  N2  +  2  R02H  +  2  H20 

if  O3  is  in  excess.  This  is  entirely  consistent  with  the  reactant  stoi¬ 
chiometries  observed  in  the  O3  +  runs  with  the  radical  trap  (see 

Table  4). 

In  order  to  determine  whether  the  above  scheme  is  quantitatively,  as 
well  as  qualitatively,  consistent  with  our  data,  exploratory  computer 
kinetic  model  calculations  were  performed.  Although  the  results  of  these 
model  calculations  could  be  made  to  fit  the  experimental  results  semi- 
quantitatlvely  over  the  range  of  conditions  studied,  the  large  number  of 
uncertain  rate  constants  rendered  the  results  inconclusive;  thus,  their 
detailed  results  are  not  presented  here.  In  particular,  these  preliminary 
calculations  and  rate  constant  estimates  indicated  that  the  following 


reactions  of  the  hydrazyl  radical  (^H^) 

•  • 

H2NNH  +  H2NRH  N2H4  +  HN-NH  (13) 

H2NNH  +  H02  -*•  H2NNH2  +  02  (14a) 

H2NNH  +  H02  ♦  HN-NH  +  (14b) 

H2NNH  +  H02  ►  H2N-NH-00H  ♦  H20  +  [H2NN0]  (14c) 


h2o  +  n2 
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(15a) 


H2NNH  +  R02  ♦  HN-NH  +  ROjH 


H2NNH  +  R02  ♦  H2N-NH-00R  +•  ROH  +  t^NNO] 


(15b) 


r 

*-*•  HO  +  N 


2  "2 


may  be  non-negligible  and  may  compete  significantly  with  reactions  of  N2H3 
with  O2  (reaction  5)  or  O3  (reaction  9)  under  certain  conditions. 

More  information  concerning  N2H2  and  N2H3  reaction  rate  constants  is 
required  before  such  calculations  can  have  any  predictive  value.  It  is 
interesting  to  note,  however,  that  the  model  with  the  set  of  rate  con¬ 
stants  which  best  fit  our  data  predicted  that,  in  the  absence  of  the 

radical  trap,  most  of  the  hydrazine  is  consumed  by  reaction  with  OH 
radicals  and  not  by  the  Initiating  O3  +  R2H4  re«ction»  with  the  reaction 
with  O3  accounting  for  ~20Z  of  the  hydrazine  consumed  in  the  excess 
runs,  and  only  ~8Z  of  the  c0118*!®®^  1°  excess  O3.  This  is  consistent 

with  our  characterization  of  the  overall  +  °3  ®echanl8®  as  a  chain 

reaction  and  with  the  fact  that  the  apparent  +  rate  constants 

derived  from  our  data  (Section  3.3.2)  are  significantly  lower  when  the 

radical  trap  is  present,  particularly  under  conditions  of  excess  O3.  The 

rates  of  O3  and/or  N2H4  decay  w®c®  reasonably  well  fit  by  the  model  calcu- 
lations  using  an  elementary  rate  constant  of  ~3  x  10  ppm  1  min  (2  x 
10“*^  cnr*  molecule”*  sec”*)  for  the  initial  O3  +  N2H4  reaction,  which  is 
~33Z  lower  than  the  apparent  rate  constant  derived  from  ^2**4  decay  in 
excess  O3  in  the  presence  of  the  radical  trap. 

Although  the  scheme  presented  above  is  consistent  with  our  N2H4  -I-  O3 
data,  it  la  not  necessarily  the  only  mechanism  for  which  this  is  true.  In 
particular,  we  found,  using  the  computer  kinetic  model  calculations 
discussed  above,  that  the  data  could  be  equally  well  fit  if  the  initial 
n2h4  +  °3  reaction  is  assumed  to  be 


N2H4  +  03  ♦  N2H2  +  H20  +  02  (16) 

Instead  of  reaction  (3).  The  major  difference  is  that  if  reaction  (16) 
dominates,  OH  radicals  are  not  formed  in  the  initial  reaction,  as  would  be 
the  case  if  reaction  (3)  occurred;  thus,  the  only  OH  radical  source  in 
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this  case  would  be  the  O3  +  N2H2  reaction  (reaction  6).  This  would  make 
no  difference  when  the  radical  trap  Is  present,  since  most  of  the  OH 
radicals  formed  are  removed  from  the  system  by  reaction  with  the  trap. 
In  addition,  as  Indicated  by  our  model  calculations,  a  relatively  small 
fraction  of  the  consumed  by  the  Initiating  reaction  with  O3  in  the 

absence  of  the  radical  trap;  thus,  the  OH  radicals  provided  by  the  Initial 
n2**4  +  reaction  are  apparently  not  required  to  drive  the  chain 

reaction.  In  our  previous  report  (Reference  3),  reaction  (16)  was 
eliminated  from  consideration,  based  on  the  claim  that  It  was  inconsistent 
with  the  observed  reactant  stoichiometry,  but  subsequent  consideration 
reveals  that  this  analysis  was  erroneous,  since  we  did  not  properly  take 
into  account  the  chain  nature  of  the  overall  mechanism.  Thus,  the 
currently  available  data  are  still  Inadequate  to  unambiguously  determine 
the  exact  nature  of  the  initial  N2H4  +  O3  reaction. 

It  is  also  difficult  to  determine  which  Is  the  most  reasonable 
initial  N2H4  +  O3  reaction  pathway  from  thermochemical  and  mechanistic 
considerations .  Reaction  (3)  can  be  thought  of  as  an  H-atom  abstraction 
process  which  is  somewhat  analogous  to  the  known  reaction  of  O3  with  HC>2, 

03  +  H02  +  OH  +  2  02  (17) 

though  reaction  (17)  Is  much  more  energetically  favorable  than  reaction 
(3)  (AHR  2  -27  kcal  mole-'’  for  reaction  [17]  [Reference  41]  vs.  AHR  2  +  2 
kcal  mole-*  for  reaction  [3]  [References  41-43]).  However,  since  reaction 
(17)  is  also  approximately  two  orders  of  magnitude  faster  than  reaction 
(3)  would  have  to  be  in  order  to  be  consistent  with  our  data  (kjy  5  1.6  x 
10-*^  cm^  molecule-*  see-*  [Reference  40]  vs.  kj  ;  2  x  lO-*'"  cm"*  molecule-* 
sec-*),  this  may  reflect  the  differences  In  thermochemistry  between  the 
two  reactions.  If  reaction  (3)  is  assumed  to  have  an  Arrhenius  factor  4 
times  that  of  reaction  (17)  (because  of  the  fourfold  reaction  path  degen- 


eracy  for 

reaction  [3]),  then  an  activation 

energy  of  >  4  kcal  mole-* 

for 

reaction 

(3)  is 

calculated,  which 

is  > 

2 

kcal  mole-  greater 

than 

its 

endothermlclty . 

This  Is  comparable 

to 

the 

overall  activation 

energy 

of 

1.2  kcal 

mole-* 

(Reference  40)  for 

the 

°3 

+  HO2  reaction,  and 

thus 

the 

rate  parameters  for  reaction  (3),  If  It  is  the  major  Initial  +  O3 


62 


reaction,  are  not  inconsistent  with  those  for  the  analogous  HO2  +  O3  reac¬ 
tion,  provided  that  the  effect  of  exothermiclty  on  activation  energy  is 
assumed  to  be  small*  It  should  be  noted,  however,  that  H02»  unlike 
is  an  odd-electron  species,  so  their  reactions  may  not  be  strictly  analo¬ 
gous;  also,  ~2  kcal  rnole-^  is  an  unusually  low  activation  energy  for  an  H- 
atom  abstraction  reaction  from  a  stable  molecule  (Reference  44) • 

Reaction  (16),  the  alternate  pathway  for  the  initial  N2H4  +  reac_ 

tion,  can  be  rationalized  as  an  0-atom  transfer  analogous  to  the  known 
rapid  reaction  of  O3  with  NO  forming  N02>  followed  by  rapid  rearrangement 
and  H2O  elimination. 


N„H,  +  0  ♦  I  I  + 


2  4 


2  2 
(I) 


(16) 


°H 

h.n-n^ 

2  \ 
(IX)  H 


HN-NH  +  H  0 
2 


Evidence  for  this  reaction  pathway  comes  from  studies  of  the  reactions  of 
oxygen  0(  P)  atoms  with  amines  (Reference  45)  and  hydrazines  (Reference 
46),  where  the  data  indicate  that  the  reactions  proceed  via  the  initial 
formation  of  an  energy-rich  N-oxide  (analogous  to  compound  [I)  ,  above) 
followed  (when  possible)  by  transfer  of  an  a-hydrogen  to  form  a  hydroxyl- 
amine  (e.g.,  compound  (II),  above),  which  subsequently  decomposes.  In  the 
0  +  N2H4  and  0  +  MMH  systems,  direct  formation  of  N2H2  or  CH3NNH,  respect¬ 
ively,  is  observed  (Reference  46),  indicating  a  mechanism  entirely  analo¬ 
gous  to  that  of  reaction  (16).  The  main  difference  in  the  O3  +  hydrazine 
system  is  that  the  N-oxide  (I),  if  formed,  would  result  from  an  0-atora 
transfer  rather  than  from  direct  0-atom  addition,  and  that  there  is  much 
less  energy  available  in  the  O3  +  NjH^  system  than  in  the  case  of  0  + 
N2H4.  Thus,  it  is  possible  that  the  heat  of  formation  of  the  N-oxide  may 
be  too  high  for  it  to  be  formed  in  the  O3  system;  to  our  knowledge,  there 
Is  no  information  available  concerning  the  thermochemistry  of  species  such 
as  ( I ) . 

3 . 3 . 6 . 2  Reaction  Mechanism  for  Monomethylhvdrazine  +  Ozone , 
and  Reactions  of  Products  Formed.  The  MMH  +  O3  system  is  similar  to  that 
for  N2H^  +  O3  in  that  variable  reactant  stoichiometry  and  product  yields 
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and  evidence  for  hydroxyl  radical  involvement  was  observed.  As  indicated 
in  our  previous  reports  (References  3,  10),  the  MMH  +  and  the  +  O3 
reaction  mechanisms  are  probably  similar  in  their  overall  features,  so 
much  of  the  above  discussion  concerning  the  N2^4  +  reaction  applies  to 
this  system  as  well.  The  major  differences  in  the  MMH  case  are  the  fact 
that  the  MMH  +  O3  reaction  occurs  at  least  an  order  of  magnitude  faster 
than  the  +  O3  reaction  under  all  reaction  conditions,  and  that  a 
variety  of  carbon-containing  products  are  formed  from  MMH.  In  this 
section,  mechanistic  considerations  appropriate  to  the  MMH  +  O3  system 
are  discussed. 

The  high  rate  of  the  overall  MMH  +  O3  reaction,  relative  to  ^H^  + 
O3,  could  be  due  to  a  higher  rate  constant  for  the  elementary  O3  +  hydra¬ 
zine  reaction,  but  could  also  conceivably  be  due  to  increased  radical 
chain  lengths  or  to  the  occurrence  of  significant  chain  branching 
processes.  However,  the  fact  that  the  addition  of  radical  traps  does  not 
slow  the  MMH  +  O3  reaction  to  measureable  rates  Indicates  that  it  is 
unlikely  that  the  high  reaction  rate  reflects  exclusively  radical  chain 
processes.  Thus,  the  more  rapid  rate  of  the  overall  reaction  is  attributed 
to  a  higher  initial  rate  constant. 

The  mosr  probable  initial  pathways  following  the  initial  attack  of  O3 
on  MMH  all  Involve  the  formation  of  methyldiazene,  analogous  to  dlazene 
formation  from  N2H4  +  ^3: 


ch3nh-nh2  +-  o3  ♦ 


CH 3NH-NH 


ch3n-nh2 


4-  OH  +  0„ 


(18a) 


K 

I — *  CH„N-NH  + 


HO. 


ch3nh-nh2  +  O3  ♦ 


CH  NH-  ...-2 


-k. 


CH3NHNH2 


+  o„ 


(18b) 


a 

1 


1 


I 


4 


CH  3NH-N^ 


?H 

CH3N-NH2 


OH 


♦  ch3n«nh  +  h2o 


Methyldiazene  formation  also  occurs  in  the  radical-propagating  attack  of 
OH  radicals  on  MMH,  which,  based  on  our  analysis  of  the  analogous  N2H4 
system,  is  probably  the  major  process  consuming  MMH  in  the  absence  of  the 
radical  trap.  p 


ch3nh-nh2  +  OH  ♦ 


ch3nh-nh 

or 

CH,N-NH„ 


+  H20 


hi 

1 — *  ch„n-nh  + 


H0„ 


(19a) 


However,  in  the  MMH  system,  there  is  an  alternate  pathway  for  the  MMH  +  OH 
reaction: 


CH3NH-NH2  +  OH  ♦  CH2NH-NH2  +  H20 
(III) 


(19b) 


Species  (III)  is  expected  to  undergo  rapid  O2  addition,  with  the  peroxy 
radical  probably  reacting  primarily  via  an  exothermic  H-shift  isomeriza¬ 
tion  with  a  relatively  unstrained  6-member  ring  transition  state,  and  the 
latter  subsequently  undergoing  fragmentation  or  reaction  with  O2: 


CH_NH-NH„  + 
2  2 


00. 

1 

♦  CH  NHNH 


♦ 


O'  H 

H  £  +  HOOCH^HNH  +  oh  +  ch2o  +  n2h2 

2  nhh/ 


h 


H00CH2N-NH  +  H02 


However,  since  there  is  no  evidence  for  formation  of  significant  yields  of 
dlazene  or  unknown  products  in  the  MMH  +  O3  system,  reaction  (19b)  is 
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probably  a  relatively  minor  pathway,  and  initial  formation  of  methy ldi- 
azene  must  predominate.  In  this  regard,  it  should  be  noted  that  the  rela¬ 
tive  methy ldiazene  yields,  and  their  dependence  on  initial  [Oj]/[MMH] 
ratios  and  the  presence  of  the  radical  trap,  are  similar  to  the  relative 
yield;  calculated  for  the  N2H2  +  O3  system  when  100%  initial  diazene 
formation  is  assumed  in  the  model  simulations. 

The  methy ldiazene  formed  in  the  initial  MMH  +  0j  or  MMH  +  OH  reaction 
will  undergo  significant  secondary  reactions  with  O3  and  OH  radicals,  with 
essentially  all  of  it  being  consumed  under  conditions  of  excess  0j, 
regardless  of  whether  the  radical  trap  is  present  or  not.  Formation  of 
methyl  radicals  and  N2  is  probably  an  important  reaction  pathway  in  both 
cases. 


CH  NNH  +  0.  +  [CH  NN]  +  OH  +  0„ 
3  3  3  t 


f  3  +  N2 


CH3NNH  +  OH  [CH^N]  +  H20 


(20a) 


(21a) 


with  the  subsequent  reactions  of  the  methyl  radicals  formed  accounting  for 
the  high  yields  of  methy lhydroperoxide  observed 


M 

CM 3  +  02  ♦  CH  00 
CH300  +  H02  -  CH3OOH  +  07 


(22) 

(23) 


Reaction  (23)  also  accounts  for  the  lower  yields  of  H2O2  in  the  MMH  +  O3 
system,  relative  to  the  N2H^  +  O3  reaction,  and  the  fact  that  the  H2O2 
yields  decrease  as  the  CH3OOH  yields  increase  (Table  3),  since  reaction 
(23)  also  removes  HO2,  the  precursor  to  H202* 

The  observation  of  dlazomethane  and/or  formaldehyde  in  relatively 
high  yields  In  the  MMH  +  O3  system  indicates  that  the  above  reactions  are 
not  the  only  processes  Important  in  this  system.  In  our  previous  report 
(Reference  3),  dlazomethane  formation  was  attributed  to  an  alternate  mode 
of  the  reaction  of  OH  radicals  with  methy 1 diazene , 


(21b) 


CHgNNH  +  OH  CH2NNH  +  H20 


followed  by 


ch2nnh  +  o2  *  ch2n2  +  ho2 

with  formaldehyde  being  formed  from  reactions  of  CH2N2  with  0^  or  OH: 


ch2n2  +  o3  ch2o  +  n2  +  o2 


ch2n2  +  OH  +  [HOCH2-NN]  +  hoch2  +  n2 


*—»  CH„0  + 


2^  '  H02 


However,  if  reaction  (21b)  is  the  only  significant  mode  of  diazomethane 
formation,  the  addition  of  the  radical  trap  should  suppress  CH2N2  yields, 
yet  this  was  not  observed;  indeed,  under  conditions  where  MMH  was  not  rn 
excess,  the  addition  of  the  radical  trap  actually  resulted  in  increased 
yields  of  CHjNj.  Thus,  the  major  process  forming  CH2N2  cannot  involve  OH 
radical  reactions. 

Since  reactions  of  OH  radicals  cannot  account  for  the  observed  form¬ 
ation  of  diazomethane,  its  formation  most  likely  results  from  a  reaction 
involving  0,.  We  are  unable  to  derive  a  reasonable  scheme  for  CH2N2  to  be 
formed  in  the  initial  reaction  of  MKH  with  O3,  but  it  may  be  formed  in  one 
of  two  possible  alternate  routes  in  the  +  methyldiazene  system: 


ch3nnh  +  o3  ♦  ch2nnh  +  OH  +  o2 

+  0„ 


(20b) 


CH3NNH  + 


ch2n2  +  ho2 


03  +  |ch3-n=$h  J  +  0 


(20c) 


.OH 

CHjN-lT  j  *  CH2N2  +  H20 
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The  present  data  are  inadequate  to  determine  the  relative  importance 
of  reactions  (20b)  and  (20c).  This  mode  of  CH2N2  formation  is  consistent 
with  the  observation  that  CH2N2  apparently  increases  with  the  [Oj)/[MMH) 
ratio  in  the  presence  of  the  radical  trap  (Table  5)  since  the  amount  of 
CHjNNH  reacting  with  O3  also  increases  with  the  O3/MMH  ratio.  The  fact 
that  the  CH2N2  yield  decreases  with  the  O3/MMH  ratio  in  the  absence  of  the 
trap  can  be  explained  by  CH2N2  being  consumed  mainly  by  reaction  with  OH 
radicals  under  those  conditions,  since  OH  radical  levels  (as  indicated  by 
the  tracer  data  (Table  5]  and  as  discussed  previously  for  the  N2H^  +  O3 
system  [Section  3.3.6. 1))  increase  as  the  O3/MMH  ratio  Increases. 

The  yields  of  formaldehyde  observed  in  the  absence  of  the  radical 

trap  are  consistent  with  its  dominant  mode  of  formation  being  via  the 
reaction  of  diazomethane  with  OH  radicals  and/or  O3  as  indicated  above. 
The  HCHO  yield  increased  with  the  O3/MMH  ratio  while  the  CH2N2  yield 

decreased,  and  the  sum  of  the  yields  of  these  two  products  also  increased 

with  the  O3/MMH  ratio,  as  did  the  CH2N2  yields  in  the  radical  trap  system 

(where  secondary  consumption  of  CH2N2  is  apparently  less  important). 
However,  in  the  presence  of  the  radical  trap,  somewhat  higher  HCHO  yields 
are  observed,  despite  the  fact  that  less  CH2N2  is  apparently  consumed. 
This  can  be  attributed  to  an  alternate  mode  of  formaldehyde  formation 
which  can  occur  if  the  radical  trap  is  present: 

°2 

n-octane  +  OH  +  RO^  +  H^O 
0  /OH 

CH..NNH  *  *  CH  0 ,  +  other  species 
°2 

CH302  +  R02  ♦  HCHO  +  ROH  +  02  (24a) 

This  explanation  is  also  consistent  with  the  reduced  yields  of  CH3OOH  in 
the  presence  of  the  radical  trap,  because  reaction  (24a),  which  is  impor¬ 
tant  only  when  the  trap  is  present,  competes  with  methy lhydroperoxide 
formation  via  reaction  (23). 

The  ether  carbon-containing  products  observed  are  methanol,  formic 
acid,  and  CO,  with  the  yieLds  being  relatively  minor  compared  to  the  other 


f>H 


products  discussed  above.  Formic  acid  is  known  to  be  formed  In  the  reac¬ 
tion  of  HO2  with  formaldehyde  (Reference  47),  and  indeed  its  yield 
increased  as  formaldehyde  increased.  CO  can  be  formed  by  the  reaction  of 
OH  with  formaldehyde 


OH  +  HCHO  *  HCO  +  H20 


CO  +  HO 


2 


and  possibly  also  from  fragmentations  of  highly  energetic  species  formed 
when  CH2N2  reacts  with  O3  or  OH,  both  pathways  being  consistent  with  the 
observed  yields  of  CO  increasing  with  the  initial  O3/MMH  reactant  ratio 
and  being  suppressed  by  the  radical  trap  (Table  5).  Methanol  can  be 
formed  from  the  self-reaction  of  the  CH3O2  radicals  formed  in  the  reac¬ 
tions  of  CH-jNNH  with  OH  or  O3, 


CH302  +  CH302  ♦  CH3OH  +  HCHO  +  02 

though  this  is  expected  to  be  a  fairly  minor  process  compared  with  reac¬ 
tion  of  CH3O2  with  HO2  forming  CH3OOH.  The  methanol  yield  Increased  in 
the  presence  of  the  radical  trap,  which  can  be  attributed  to  an  alternate 
pathway  for  the  reaction  of  CH3O2  with  RO2, 

CH302  +  R02  -*•  CHjOH  +  R'$R"  +  02  (24b) 

Thus,  the  identities  and  yields  of  the  minor  products  are  reasonably  con¬ 
sistent  with  our  assumed  mechanism. 

3.3.6. 3  Reaction  Mechanism  for  Unsymmetrlcal  Dimethyl- 
hydrazine  +  Ozone.  The  UDMH  +  O3  system  differs  from  those  of  N2H4  and 
MMH  in  that  the  initial  formation  of  a  diazene,  via  removal  of  a  hydrogen 
from  each  of  the  nitrogens,  cannot  occur.  Instead,  high  yields  of  a 
nitro8amine,  namely  N-nltrosodimethylamine  (NDMA) ,  are  observed,  with 
smaller  yields  of  fragmentation  products  also  being  formed.  In  addition, 
the  reactant  stoichiometry  in  the  UDMH  +  O3  system  is  far  less  dependent 
on  reaction  conditions,  with  MO3]  / A[UDMHJ  being  ~1.5  ±  0.2  under  most 
conditions.  On  the  other  hand,  UDMH  is  similar  to  the  other  hydrazines  in 
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that  the  hydroxyl  radical  is  clearly  involved  in  the  mechanism  for  its 
reaction  with  Og,  since  the  organic  tracers  are  observed  to  be  partially 
consumed  when  included  in  the  reaction  mixture,  and  inclusion  of  the 
radical  trap  affects  the  product  yields  (though  not  the  reactant  stoic¬ 
hiometry).  The  facts  that  the  reactant  stoichiometry  is  relatively 
insensitive  to  reaction  conditions  and  that  formation  of  a  single  product 
predominates  suggest  that  the  reaction  mechanism  in  the  Og  +  UDMH  system 
may  not  be  as  complex  as  those  for  the  other  hydrazines.  However,  as 
discussed  below,  no  single  and  straightforward  mechanism  appears  to  be 
totally  consistent  with  all  of  the  UDMH  +  Og  data  obtained  in  this  study. 

Based  on  mechanistic  considerations  and  the  results  of  our  initial 
UDMH  +  Og  experiments  performed  in  our  previous  program  (References  3, 
10),  the  following  simple  4-step  mechanism  for  the  UDMH  +  0g  system  was 
proposed. 


(ch3)  2n-nh2  +  o3  +  (CH3)  2n-nh  +  OH  +  o2 


(ch3)2n-nh2  +  OH  -*■  (CH3)2N-NH  +  h2o 


(ch3)2n-nh  +  o3  +  (ch3)2n-n^  +  o2 


/°* 

(ch3)2n-n;^  +  o2  -*•  (ch3)2n-no  +  ho2 

H  (NDMA) 


Overall  these  reactions  can  be  represented  by 


(25) 

(26a) 


(27) 


(28) 


2  (CH3)2N-NH2  +  3  03  *  2  (CH3)2N-N0  +  2  H02 

The  above  mechanism  correctly  predicts  the  observed  1.5:1,  OgiUDMH 
stoichiometry  and  the  formation  of  NDMA,  and  was  thus  considered  to  be 
reasonably  consistent  with  the  earlier  data.  An  alternative  mechanism, 
which  gives  rise  to  the  same  overall  reaction,  is  to  assume  that  the 
diraethylhydrazy 1  radical  reacts  primarily  with  Og  to  form  the  diazo 
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compound  (IV) 


.  +  - 

(CH3)2NNH  +  02  +  (CH3)2N-N  +  H02  (29) 

followed  by  (IV) 

+  - 

(CH3)2N-N  +  03  *  (CH3)2NN0  +  02  (30) 

This  scheme  Is  suggested  by  the  evidence  for  the  Intermediacy  of  (IV)  In 
the  UDMH  +  N0X  system,  though  the  reactant  stoichiometries  observed  In 
those  runs  are  not  consistent  with  their  formation  via  reaction  (29)  (see 
Section  3*4.4. 1). 

Unfortunately,  neither  of  these  simple  mechanisms  Is  consistent  with 
all  of  the  data  which  has  now  been  obtained.  In  particular.  It  is 
observed  that  the  addition  of  the  radical  trap  does  not  significantly 
change  the  reactant  stoichiometry.  When  the  radical  trap  is  Included, 
these  mechanisms  predict  that  reaction  (26a)  would  be  suppressed  and  would 
cause  the  overall  process  to  become 

°2 

(CH3)2N-NH2  +  2  03  *  (CH3)2NN0  +  HO 2 

which  Implies  a  &[0j]  /  A[UDMH]  of  2  Instead  of  the  observed  1.5.  In  addi¬ 
tion,  the  above  simple  mechanisms  are  similar  to  the  N2H^  +  03  mechanisms 
in  that  one  molecule  of  H02  Is  formed  per  UDMH  reacted,  with  the  only 
major  sink  for  H02  being  H202  formation  via 

H02  +  H02  -  H202  +  02,  (8) 

yet  much  smaller  H202  yields  were  observed  In  the  UDMH  +  O3  experiments 
than  were  observed  from  the  N2H^  +  O3  experiments.  Thus,  the  above 
mechanisms  are  either  incorrect  in  some  or  all  of  their  parts,  or 
additional  reactions  must  be  occurring  in  this  system. 

The  observed  formation  of  non-negllgible  yields  of  CHjNNH  (not 
detected  in  our  previous  study  [Reference  3]  of  the  UDMH  system),  HCHO, 
and  CH3OOH  also  Indicate  that  the  reactions  listed  above  cannot  be  the 
only  processes  occurring.  The  formation  of  these  products  can  be 
attributed  to  the  occurrence  of  an  alternate  reaction  route  for  OH  +  UDMH: 
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(26b) 


followed  by 


CH 


(ch3)2n-nh2  +  oh  ♦  ^;n-nh2  +  h2o 

CH, 


ch2  m  ooch2 

^N-NH2  +  02  +  /N-NH2 


CH3 


CH, 


/  °\ 
H2CV  ,H 

N - N-- 

L  CH^  |  \ 


HOOCH, 


CH, 


*N., 

/ 


N-NH  ->•  OH  +  CH,0  +  CH,-N=NH 


This  accounts  for  the  observed  formation  of  HCHO  and  CH^NNH  in  the  runs 
performed  without  the  radical  trap. 

As  discussed  in  Section  3. 3. 6. 2,  CHjNNH  undergoes  secondary  reaction 
with  O3  to  form  methylhydroperoxide  and,  to  a  lesser  extent,  diazomethane; 
this  accounts  for  the  observed  formation  of  CH^OOH  and  traces  of 
and  for  the  fact  that  the  CH^OOH  yield  Increases  while  that  of  CH^NNH 
decreases,  as  the  Initial  Og/UDMH  ratio  Is  increased  in  the  absence  of  the 
radical  trap.  The  fact  that  the  total  yields  of  these  fragmentation 
products  increase  as  the  initial  Oj/l?DMH  ratio  increases  can  also  be 
attributed  to  the  O3  +  CH-jNNH  reaction,  since  that  process  also  forms  OH 
radicals,  which  will  Increase  the  relative  importance  of  reaction  (26b). 
This  scheme  is  also  consistent  with  the  fact  that  these  products  are 
suppressed  when  the  radical  trap  is  present  (and  thus  the  NDMA  yield  Is 
higher),  as  implied  by  reactions  (26a)  and  (26b). 

The  relatively  lew  yields  of  H2O2  in  the  absence  of  the  radical  trap 
and  the  fact  that  the  reactant  stoichiometry  does  not  change  when  the 
radical  trap  is  added,  despite  the  evidence  for  OH  radical  formation  in 
this  system  and  the  expected  rapid  reaction  of  OH  radicals  with  UDMH,  Is 
more  difficult  to  explain.  The  lower  H2O2  yields  could  be  due  in  part  to 
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the  consumption  of  HO2  in  the  reaction 

CH300  +  H02  +  CHjOOH  +  02 

causing  CH3OOH  formation  following  the  O3  +  CH3NNH  reaction.  However, 
this  explanation  is  not  consistent  with  the  observed  slight  increase  of 
H202  yields  with  the  initial  O3/UDMH  ratio,  which  is  also  accompanied  by  a 
relatively  larger  increase  in  CH3OOR.  An  alternate  explanation,  which  is 
more  consistent  with  the  product  yields  observed,  is  that  H02  may  be 
consumed  by  reaction  with  the  dimethylhydrazyl  radical. 


(ch3)2nnh  +  ho2 


,00H 


(ch3)2n-n, 


/ 

\ 


+  (ch3)2nno  +  h2o 


(31) 


which  also  gives  rise  to  the  observed  main  product,  NDMA.  (If  [CH^^NNH 
does  not  react  with  02,  its  atmospheric  concentration  would  be  higher  than 
those  of  CH-jNHNH  or  N2H3  under  similar  circumstances,  since  the  latter 
radicals  are  expected  to  react  rapidly  with  02,  and  thus  their  reactions 
with  H02  would  be  correspondingly  less  important.)  However,  if  reaction 
(31)  is  the  major  fate  of  H02  formed  in  this  system,  end  thus  a  mechanism 
based  on  reactions  ( 25 )— ( 28 )  followed  by  (8)  is  assumed,  then  the 
predicted  A[0gJ /A[UDMH]  would  be  1.0,  in  significant  disagreement  with  the 
observed  value  of  1.5. 

An  alternate  method  of  converting  the  dimethylhydrazyl  radicals  to 
NDMA  without  forming  H02  (and  thus  H202)  would  be  their  self  reaction  (a 
reaction  which  is  invoked  to  explain  our  UDMH  +  N0X  data  [Section 
3.4.4. 1]).  This  reaction  would  be  expected  to  dominate  if  the  reactions 
of  the  hydrazyl  radicals  with  O3  are  slow: 


+  - 


2  (CH3)2N-NH  ♦  (CH3)2N-N  +  (ch3)2n-nh2 

i°3 

(CH3)2NN0  +  0, 


(32) 


However,  a  mechanism  based  on  reactions  (25),  (26)  and  (32)  predicts  that 
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4[03]/A[UDMH]  -  2  in  Che  absence  of  Che  radical  crap  and  3  when  1c  Is 
present,  which  is  clearly  conCrary  Co  our  data. 

IC  should  be  noCed  ChaC  Che  above  discussion  is  baaed  on  Che  assump- 
cion  ChaC  Che  inicial  reaction  consuming  UDMH  is  reaction  (25),  i.e.,  chat 
formation  of  dimethylhydrazyl  and  OH  radicals  occurs.  As  discussed  in 
Section  3,3,6, 1,  an  alternate  Inicial  reaction  pathway  for  03  +  hydrazines 
is  0-atom  transfer,  which  may  also  occur  in  the  UDMH  system: 


OH 

(CH3)2N-NH2  +  03  +  [(CH3)2N-Nfi2j  (CH3)2N-N-H 


OH 


+  - 


(CH3)2NNH  -►  (CH3)2N-N  +  h2o 


k 

(CH_),NH0  + 


3'2  “2 


or 


OH 

■ 

OH" 

(ch3)2n-nh  +  o3  + 

<CH  )  H-SoH 
H 

(ch3)2n-n^ 

OH. 

♦  (ch3)2nno  +  h2o 


and 


(ch3)2nnh2  +  o3  * 


(CH. 


3)2^nh2 


OH 

(CH  )  N-NH 
3  i+ 


'+  - 

*  (ch3)2n-n  +  h2o 


(ch3)2nno  +  o2 


However,  these  schemes  not  only  predict  an  incorrect  A[03 ]/A[UDMH]  value 
of  2,  but  they  also  provide  no  mechanism  for  the  formation  of  hydroxyl 
radicals  in  this  system.  Since  our  experiments  positively  indicate  that 
OH  radicals  are  formed  in  the  UDMH  +  O3  system,  then  regardless  of  the 
details  of  the  reactions  of  the  intermediates  formed,  the  initial  reaction 
most  likely  occurs  via  reaction  (25), 
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3.4  THE  REACTIONS  OF  HYDRAZINES  WITH  NITROGEN  OXIDES 

The  reactions  of  NO  and  N02  with  N^,  MMH,  and  UDMH  In  the  dark  were 
studied  In  the  large-volume  Teflon®  chambers  under  the  following  condi¬ 
tions:  (1)  -10  ppm  of  the  hydrazine  was  injected  into  the  chamber  (-3800 

1  configuration)  containing  -6  ppm  of  NO  in  N2,  with  -6  ppm  of  N02  subse¬ 
quently  added;  (2)  -20  ppm  of  NO  was  Injected  into  the  chamber  (6400  l 
configuration)  containing  4-5  ppm  of  the  hydrazine  in  dry  air  (-12%  RH  at 

room  temperature);  (3)  '•6  ppm  of  N02  was  injected  into  the  3800  %  chamber 

containing  9-10  ppm  of  the  hydrazine  in  dry  air;  and  (4)  -20  ppm  of  N02 
was  injected  into  the  6400  i  chamber  containing  -4-5  ppm  of  the 
hydrazine  in  dry  air.  The  detailed  concentration-time  data  for  envir¬ 
onmental  chamber  experiments  in  which  N0X  was  reacted  with  N2H^,  MMH  and 
UDMH  are  given  in  Appendices  E,  F,  and  G,  respectively.  As  in  Section 

3.3,  a  particular  experiment  is  identified  by  the  table  number  in  the 

Appendix  for  purposes  of  discussion. 

3.4.1  Chamber  Experiment  Results  for  Hydrazine  +  N0lt 

The  concentration-time  data  for  the  reactants  and  products 
monitored  by  FT-IR  spectroscopy  in  the  four  NjjH^  +  N0X  experiments  are 
detailed  in  Appendix  E  and  a  summary  of  the  conditions  and  results  is 
given  in  Table  7.  For  the  purpose  of  summarizing  the  results  in  Table  7, 
the  starting  and  ending  times  represent  the  time  of  the  first  measurement 
after  the  reactants  were  adequately  mixed  and  the  time  of  the  last 
measurement  respectively,  with  the  product  yields  and  amounts  of  reactants 
consumed  given  in  the  table  reflecting  the  concentration  changes  due  t'o 
reaction  over  this  time  Interval.  In  Table  7  and  in  the  following  discus¬ 
sion,  the  observed  N2H^  loss  has  been  corrected  for  the  N2H^  dark  decay, 
thus  yielding  the  amount  of  N2H4  consumed  by  reaction  ( A [N2H^] ) . 
Similarly,  the  observed  changes  in  the  NO  and  N02  concentrations  have  been 
corrected  for  the  NO  dark  oxidation  (Reference  48)  to  yield  changes  due  to 
reaction,  i.e.,  A[N0]  and  A(N02J. 

Wien  N2H^  was  mixed  with  NO  in  N2,  there  was  no  significant  consump¬ 
tion  of  NO  or  N2H^  (other  than  what  can  be  attributed  to  the  dark  decay  of 
the  latter)  and  no  appearance  of  products  other  than  small  amounts  of  NH-j 
was  observed  (run  E-l).  In  contrast,  significant  reactions  occurred  in 
both  N2  and  air  when  N02  was  present,  with  the  consumption  of  N2H^  and  N0X 
being  accompanied  by  the  formation  of  large  yields  of  HONO,  the  formation 
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TABLE  7.  SUMMARY  OP  CONDITIONS  AND  RESULTS 
FOR  THE  N2H4  ♦  N0x  EXPERIMENTS. 


Run  ID“ 

E-l 

E-2 

E-3 

E-4 

Matrix  Gas 

"2 

Air 

Air 

Air 

Tima  Range  (min) 

b 

82.8-177.8  2. 

.  8-182.8 

5.8-120.8  9. 

.  8-172.8 

Initial  N2H4 

(ppm) 

8.0 

3.5 

8.1 

4.3 

NO 

(ppm) 

5.9 

19.0 

- 

- 

no2 

(ppa) 

5.3 

2.4 

4.4 

20.0 

Average  N02 

(PP«) 

-4 

-6 

-3 

-18 

N2H^  dark  decay0 

(ppa) 

0.9 

0.3 

0.8 

0.3 

4tN2H4Jd 

(ppm) 

1.0 

1.9 

2.6 

2.7 

NO  oxidized* 

(ppa) 

~0 

9.2 

- 

- 

MN01f 

(ppa) 

0.3 

0.4 

- 

- 

Mno2]» 

(ppa) 

2.4 

2.5 

2.9 

4.7 

a(N0]/MN2H4J 

0.3 

0.2 

- 

- 

4[H02l/n[N2H4] 

2.5 

1.3 

1.1 

1.8 

Yields/ (AtNOx]): 

HONO 

Ylelde/(A[N2H4J): 

0.46 

0.58 

0.52 

0.71 

n2o 

0. 13 

0.15 

0.04 

0.23 

nh3 

0.23 

0.22 

0.08 

0.29 

(N2H4  HN03) 

,h 

0.21 

0.22 

0.13 

0.37 

N 2^ 2  (units 

fi/pF  ' 

1  <  7 

<  3 

10 

<  2 

*Re£era  to  table  number 

in  Appendix  E  where 

detailed 

data  are  given. 

"Times  given  in  corresponding  data  t.ible  In  Appendix  E  used  for  Initial 
and  final  reactant  and  product  concentrations. 

Calculated  amount  of  hydrazine  lost  due  to  decay  Ir  the  absence  of  N0X  using 
NjH^  dark  decay  ■  k^/fN^H^Jdt,  where  k^  Is  the  un?.  'lecular  decay  rate 
appropriate  for  the  conditions  of  the  run,  and  the  is  Integrated  over 

the  indicated  time  range.  Por  run  E-l,  kd»l.4  x  10"^  min,  based  on  N2H, 
decay  rate  in  N2  in  the  presence  of  NO  observed  in  this  run  prior  to  the  N02 
Injection;  for  rune  E-2  and  E-4,  kj«7.0  %  10"  min"  ,  appropriate  for  the 
6400-liter  chamber  (see  Section  3.2);  and  for  run  E-3,  k^-l.l  x  10-^  min, 
appropriate  for  the  3800  1  chamber. 

dThe  "A"  sign  Indicates  the  amount  consumed  by  reaction  over  the  Indicated 
time  range  and  has  been  corrected  for  the  N2H4  dark  decay. 

Calculated  amount  of  NO  oxidized  due  to  the  reaction  NO  ♦  NO  ♦  02  ♦  2N02  ■ 
2k(0,J /(N0I 2dt,  where  k  •  1.9  x  10"^8  cm6  molecule-2  sec-*  (Reference  48) 
and  lN0]2  is  integrated  over  the  indicated  time  range. 

‘A [NO)  -  A (NO) °8*  -  (NO  oxidized). 

*MN02J  -  AtNOj ]ob*  *  (HO  oxidized). 

hSee  text  for  method  used  to  estimate  concentration. 

Cnits  -  [(1277  cm“^  absorbance)/ (IR  pathlength)]  x  10^. 


of  hydrazinlum  nitrate  (^H^.HNOj;  see  below),  N2H2  (in  excess  ^^4  only), 
and  the  formation  of  smaller  amounts  of  ^0  and  NH3.  This  is  illustrated 
in  Figures  14  and  15,  which  give  concentration-time  plots  of  the  reactants 
and  observed  products  for  the  +  NO2  runs  performed  in  air  with  excess 

n2^4  (run  ®~3)  and  excess  NO2  (run  E-4),  respectively.  Although  reaction 
occurred  when  N 2H4  was  mixed  with  HO  in  air,  this  can  be  attributed  to 
^2^4  reacting  with  the  NO2  formed  from  the  reaction  of  NO  with  02«  There¬ 
fore,  the  results  of  the  four  experiments  discussed  here  clearly  indicate 
that  N2H4  reacts  with  NO2,  but  that  the  reaction  of  N2H4  with  NO,  if  it 
occurs,  is  too  8 lew  to  be  measured  with  our  experimental  techniques. 

The  reactant  stoichiometry  and  the  relative  product  yields  observed 
in  the  +  NO2  reaction  were  found  to  be  quite  variable,  depending  on 

the  reaction  conditions.  When  the  reaction  was  conducted  in  air,  the 
AlNC^l / A[N2H^]  ratio  (Table  7)  was  found  to  increase  with  the  initial 
NO2/N2H4  reactant  ratio,  with  values  of  ~1.1  in  excess  (run  E-3)  and 

~1.8  in  excess  N02  (run  E-4);  the  A[N02]  / A^i^J  ratio  in  run  E-2,  where 
N0X  was  injected  initially  as  pure  NO  In  excess  amount,  is  intermediate 
between  the  above  values.  The  amount  of  NO2  consumed  was  much  higher  in 
the  N2H4  plus  NO  and  NO2  run  performed  in  N2  (run  E-l),  with  the 
A[N02]/A[N2H4]  ratio  being  ~2.5. 

When  NO  was  present  along  with  NO2  in  the  reaction  mixture,  some 
consumption  of  NO  also  occurred.  The  A[N0] / A[N2H4]  ratios  are  similar  for 
the  two  experiments  (runs  E-l  and  E-2),  with  values  of  0.3  in  N2  and  0.2 

in  air.  This  indicates  that  although  N2H4  and  NO  do  not  react  in  the 

absence  of  NO2,  NO  is  apparently  oxidized  by  some  of  the  intermediates 
formed  when  N2H4  reacts  with  N02* 

The  HONO  yields  generally  were  ~50-70%  of  the  N0X  consumed,  but  were 

more  variable  relative  to  the  amount  of  N2H4  reacted.  N2O  and  NH^  were 

observed  to  be  formed  in  all  runs,  with  yields  which  generally  increased 
with  the  initial  NO2/N2H4  reactant  ratio.  Diazene  was  detected  only  in 
the  runs  with  excess  N2H4,  with  a  trace  amount  observed  at  the  end  of  the 
run  in  N2  (run  E-l)  and  with  relatively  higher  amounts  seen  for  most  of 
the  reaction  period  in  the  run  in  air  where  N2H4  was  in  excess  (Table 
E-3).  Based  on  the  behavior  of  methyldlazene  formed  in  the  MMH  +  NO2 
system  (Section  3.4.2,  below),  these  observations  probably  indicate  that 
N2H2  reacts  with  NC^* 
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When  HONO,  N20,  and  NH^  are  the  only  products  considered  in  the  N2H4 
+  N0X  runs,  the  nitrogen  balances  over  the  reaction  time  intervals  given 
In  Table  7  were  found  to  be  as  follows:  832  for  run  E-l,  842  for  run  E-2, 
63%  for  run  E-3,  and  822  for  run  E-4.  The  nitrogen  balances  for  runs  E-l 
and  E-3  increase  to  902  and  712,  respectively,  when  the  decay  calcu¬ 

lated  in  Table  3.4.1  is  assumed  to  yield  mainly  Nj  and  this  is  included  in 
the  estimate.  The  value  for  run  E-3  does  not  include  the  nitrogen  in 
diazene,  since  the  lack  of  an  absorption  coefficient  value  prevented  the 
calculation  of  its  absolute  concentrations.  Run  E-3,  the  only  one  in 
which  diazene  was  detected  at  significant  levels,  yielded  the  poorest 
nitrogen  balance;  however,  it  is  considered  unlikely  that  diazene  could 
account  for  a  large  fraction  of  the  missing  nitrogen. 

To  varying  extents,  part  of  the  missing  nitrogen  can  be  accounted  for 
by  the  hydrazinium  nitrate  (N2H4.HHO3)  formed  in  the  above  experiments. 
The  highest  yield  of  this  compound  was  observed  in  the  run  in  air  with 
excess  N02  added  to  N2H4  (run  E-4).  The  spectrum  recorded  at  the  end  of 
this  experiment  is  presented  in  Figure  16a,  with  the  absorptions  of  unre- 
acted  n2H^  subtracted,  and  shows  the  easily  identified  absorption  bands  of 
HONO  and  NH^.  The  relatively  strong,  broad  absorption  feature  seen  at 
-1390  cr.-*  is  brought  out  more  clearly  in  Figure  16  by  masking  the  super¬ 
imposed  H20  lines  beyond  -1300  cm”*.  Upon  subtraction  of  HONO,  NH^,  and 
N20  absorptions  (N2Q  has  a  weak  absorption  at  1285.3  cm-* ) ,  the  contour  of 
the  broad  band  at  -1390  cm-*  and  the  weak  absorption  at  -826  cm”*  (both 
characteristics  of  nitrate  salts)  are  clearly  seen  in  Figure  16b.  This 
residual  spectrum  is  similar  to  that  of  the  product  obtained  from  the 
direct  reaction  of  N2H4  and  HNOj  in  the  vapor  phase  (discussed  later  in 
Section  3.6.1),  thus  confirming  the  formation  of  hydrazinium  nitrate  in 
the  reaction  of  N2H4  with  N02* 

It  is  difficult  to  obtain  an  exact  measure  of  hydrazinium  nitrate, 
since  it  was  presumably  formed  in  both  gaseous  and  aerosol  phase  in  our 
experiments  and  was  probably  susceptible  to  losses  on  the  chamber  walls. 
However,  an  estimate  of  its  concentration  is  attempted  here  by  comparing 
the  intensity  of  the  -1390  cm”*  band  with  that  of  a  spectrum  from  the  82^4 
+  HNO-j  reaction  (see  Section  3.6.1)  associated  with  a  known  amount  (2.0 
ppm)  of  completely  reacted  N^.  The  yields  of  the  hydrazinium  nitrate 
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Figure  16.  Product  Spectra  from  NjHif  +  Excess  N02  Reaction 
(Run  E-4);  Res  ■  1  cm-*,  Pathlength  *  102.4  m. 
(a)  At  t  ■  187.8  min,  (b)  Residual  Spectrum 
from  (a) . 
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thus  obtained  are  presented  In  Table  7  as  fractions  of  the  ^2^4  which 
reacted*  They  correlate  roughly  with  the  initial  NO2/N2H4  ratio.  The 
results  suggest  that  formation  of  the  hydrazine  salt  was  significant  In 
all  of  the  experiments,  but  particularly  under  excess  NO2  conditions. 
When  the  nitrogen  in  hydrazlnlum  nitrate  Is  taken  into  account,  the  final 
nitrogen  relative  to  the  initial  nitrogen  yields  are  calculated  as  fol¬ 
lows:  92X  for  run  E-l,  90Z  for  run  E-2,  75Z  for  run  B-3,  and  94Z  for  run 
E-4.  It  Is  not  certain  why  nun  E-3  (N2H^  +  N02  with  excess  H2H^)  shows  a 
significantly  poorer  nitrogen  balance.  However,  the  presence  of  signifi¬ 
cant  concentrations  of  dlazene  throughout  this  experiment  may  suggest  a 
higher  degree  of  ultimate  conversion  of  to  N2* 

Hydrazlnlum  nitrate  la  the  only  product  which  appeared  In  the  resid¬ 
ual  spectra  in  the  +  NO2  experiments  (runs  E-3  and  E-4) .  For  the 
reaction  of  with  NO2  in  the  presence  of  Initially  added  NO,  weak 
absorption  bands  at  -1020  cm-1  for  the  run  In  air  and  at  -1032  cm-1  for 
the  run  In  N2  were  also  observed;  however,  no  other  clear  absorption  bands 
In  the  Infrared  spectrum  could  be  associated  with  these  features  to  pro¬ 
vide  positive  identification.  Despite  the  large  yields  of  HONO  generated 
in  the  N2H4  +  N0X  systems,  hydrazlnlum  nitrite  (N2H4.HONO)  was  not  formed, 
as  evidenced  by  the  absence  of  a  strong  broad  absorption  at  -1270  cm-1 
expected  from  a  stretching  fundamental  of  the  -0N0  group.  HONO  is  appar¬ 
ently  not  a  strong  enough  acid  to  form  its  salt  with  N2H4  in  the  vapor 
phase  reaction. 

The  reaction  of  N2H4  with  NO2  is  significantly  slower  than  the  reac¬ 
tion  of  N2H4  with  O3  (Section  3.3);  the  N2H4  +  NO2  reaction  was  still 
incomplete  after  the  2-3  hour  duration  of  these  experiments.  The  decay 
curves  of  N02  in  excess  N2H^  (runs  E-l  and  E-3)  and  of  N2H^  in  excess  N02 
(run  E-4)  are  reasonably  exponential,  as  shown  in  Figure  17,  where  plots 
of  lnU^H^]  (run  E-4)  and  lnTNC^]  (runs  E-l  and  E-3)  against  reaction  time 
are  shewn.  This  suggests  that  the  reaction  is  first  order  in  each  react¬ 
ant.  However,  the  apparent  blmolecular  rate  constants  derived  from  the 
decay  rates  shown  in  Figure  17  depended  significantly  on  the  reaction 
conditions,  even  when  the  observed  stoichiometry  factor  (AENt^l/AENjH*)) 
was  used  to  relate  rate  constants  derived  from  rates  of  NO2  decay  to  those 
derived  from  N2H4  decay,  and  when  the  N2H4  decay  rate  in  run  E-4  was  cor¬ 
rected  by  subtracting  the  N2H4  dark  decay  rate  of  -10"3  min-1  before 
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Figure  17.  Plots  of  lnt^HiJ  or  ln[N02]  Against  Elapsed  Time  for 

Selected  +  NO*  Experiments  (Concentrations  are  in  ppm 
and  Data  for  Runs  E-l  and  E-3  are  Offset  by  +0.8  and  +0.7 
Log  Units,  Respectively). 


calculating  the  apparent  rate  conatant.  In  particular,  although  the 
apparent  rate  constants  derived  from  N02  decay  In  excess  N2H^  in  N2  (run 
B-l)  and  that  derived  from  N2H^  decay  In  excess  N02  (run  E-4)  and  In 
excess  NO  +  N02  (run  E-2)  were  In  good  agreement,  being  (3.7  ±  0.4)  x  10~* 
ppm-1  min-1  for  run  E-l  and  (3.5  ±0.4)  x  10“^  ppm-1  min-1  for  run  E-4  (or 
^2.5  x  10-19  cm^  molecule-1  sec-1  for  both),  the  rate  conatant  derived 
from  N02  decay  In  excess  N2H^  (run  E-3)  was  a  factor  of  ~4  higher,  being 
(1.5  ±  0.3)  x  10-^  ppm-1  min-1.  Based  on  the  lower  rate  constants 
observed,  we  derive  an  upper  Halt  rate  conatant  of  ~2.5  x  10-1^  cn1 
molecule-1  sec-1  for  the  elementary  reaction. 

3.4.2  Chamber  Experiment  Results  for  Monomethylhydraxlne  +  H0T 

The  detailed  concentration-time  data  for  the  reactants  and 
products  in  the  four  Mffi  +  N0X  experiments  are  given  in  Appendix  F  and  a 
summary  of  the  conditions  and  results  are  given  In  Table  8.  As  In  the 
case  of  the  N^  +  N0X  data  above,  corrections  for  the  amount  of  the  MMH 
lost  due  to  dark  decay  and  for  NO  conversion  to  N02  via  reaction  with  02 
(In  run  F-2)  have  been  taken  Into  account  In  establishing  the  amounts  of 
the  reactants  actually  consumed  by  the  MMH  +  N0X  reactions  during  the  time 
Intervals  of  Interest.  These  corrected  values  were  used  to  derive  the 
reactant  stoichiometries  and  product  yields  referred  to  In  the  following 
discussion. 

The  results  of  the  IMH  +  N0X  runs  in  N2  (Table  F-I)  Indicate  that 
MMH,  like  N2H4,  reacts  with  N02  but  does  not  react  at  a  measurable  rate 
with  NO.  The  MIH  +  N02  reaction  occurred  at  a  rate  approximately  six 
times  faster  than  N2H$  +  N02  (see  below).  Aa  with  the  N2H^  +  N0X  system, 
the  reaction  stoichiometry  and  relative  product  yields  (Table  8)  varied 
with  experimental  conditions,  though  In  all  cases  more  N0X  than  Mffl  was 
consumed  in  the  reactions.  As  In  the  N2H^  case,  the  A[N02)/A(MMH]  ratio 
increased  with  the  Initial  N02/MS  reactant  ratio  for  the  runs  conducted 
In  air  (runs  F-2,  F-3  and  F-4).  The  A[N02)  ratio  In  the  N2  run 

(run  F-l)  also  followed  the  trend  observed  In  the  runs  In  air;  It  differs, 
however,  from  that  of  the  N2H^  +  M0X  run  In  N2  in  that  the  A[N02] /A[N2H^] 
ratio  was  found  to  be  significantly  higher  than  in  air.  When  NO  was  pre¬ 
sent  In  the  reaction  mixture,  some  NO  consumption  occurred,  with  the  rela¬ 
tive  amount  consumed  being  higher  In  the  Mffl  +  N0X  system  than  In  the  N2H^ 
♦  N0X  system  (see  Tables  7  and  8). 
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TABLE  a.  SOMABY  OF  COMDITIOM8  AMD  BESULT3 
IN  TB  W  f  H,  UmmiT!. 


lua  111* 

7-1 

F-2 

7-3 

7-A 

Matrix  Oaa 

«2 

Air 

Air 

Air 

Tlaa  kaage  (ala) 

b 

101.B-1S3.8 

1.8-131.8 

1.A-9A.8 

3.8-33.8 

laltlal  MB 

(PPa) 

t.l 

1.2 

9.A 

3.2 

M0 

(ppa) 

3.7 

19.  A 

- 

- 

«°2 

(ppa) 

3.1 

1.7 

3.0 

18.8 

Average  M0j 

(ppa) 

-3 

-3 

-3 

-IA 

MS  dark  dacap0 

(ppa) 

0.3 

0.1 

0.3 

~0 

A  [MB] 

(ppa) 

2.) 

3.7 

3.A 

3.2 

HO  oaldlaad4 

(ppa) 

-0 

8.3 

- 

• 

API0]* 

(ppa) 

1.3 

3.1 

- 

- 

AlMOj]* 

(ppa) 

A. 3 

3.1 

A. 8 

9.2 

A[M0]  /A(MS] 

0.A 

l.A 

- 

• 

A[M02]/A[MS] 

1.7 

0.8 

1.3 

2.9 

Tlalda/(A(MOxJ ) : 

BONO 

Tl«ld«/(A(IMI]): 

0.69 

0.6A 

0.72 

0.30 

CHjNMH* 

0.3 

0.2 

0.2 

0.03h 

CHjOOB 

<  0.2 

<  0.1 

0.A 

<  0.1 

CR^OH 

O.OA 

0.02 

0.03 

0.03 

m2o 

0.0a 

0.03 

<  0.01 

0.01 

MH, 

0.01 

0.02 

0.03 

0.02 

Ookaowa  Kualta^/ppa) 

-2 

-1 

-1 

-13 

Onknown  2(uolta1/ppa) 

~4 

**4 

- 

-2 

Maalaua  HOOHOj 

(ppa) 

<  0.03 

<  0.02 

o.io) 

0.13* 

f*efen  to  ubU  ouabar  la  Appaadla  I  whan  datallad  data  art  given. 

“Tiaea  glvaa  la  corree ponding  data  eabla  la  Appendix  7  uaad  for  laltlal 
aad  final  raaccaat  and  product  cooeentratlone. 

°Calculated  Bunt  of  hpdraalaa  loot  duo  to  decay  la  tha  abaauca  of  *0  ui  lag 
MM  dark  decay  -  k .  /  [MS]  dt  ,  whan  kg  la  tha  uoiaalaculax  decay  rata  appro¬ 
priate  for  tha  coadltlona  of  tha  run,  aad  cha  [MS]  la  iategracad  over  cha 
ladlcatad  tlaa  raoga.  For  ruaa  7-2  aad  7-A,  k,-2.3  a  10**  ala*1,  approprlata 
for  tha  AAOO-lltar  chaabar  (aaa  Sactlon  3,2);  aad  for  ruaa  7-1  aad  7-3, 
a  10**  ala,  approprlata  for  Cha  3700- liter  chaabar. 

“Ceicelated  aanuat  of  *0  oaldlaad  dug.  to  tha  react  loo  H  t  0,  *  2H0,  • 
2k[0j]/[|0) Jdt,  whan  k  •  1.9  a  10*M  ca®  aolocula'2  aac"1  (tafaroaca  ll) 
and  [M0] 2  la  integrated  over  the  ladlcatad  tlaa  range* 

*A(M0]  •  A [M0]°**  -  (M0  oaldlaad). 
lA[M02]  -  A(M02]°*«  +  (M0  oaldlaad). 

*Ik  abaorptloa  coafflcloac  baaed  on  carboa  balance  la  MS  +  0.  ruaa  (Section 

.1  a 

“Malta  ■  [(1300  ca  J  abaorbaaca)/It  pathlaagth) ]  a  10*. 

TOa lea  •  ((1032  ca*1  aba orbaaca)/a  pathlaagth)]  a  10*. 

*Bulle  to  a  aaalana  aad  eubeequantly  declined. 
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Figure  19.  Concentration-Time  Plots  for  Reactants  and 
Selected  Products  Observed  in  the  MMH  +  NO2 
Run  7-4  in  Excess  NO2 . 


The  infrared  spectra  obtained  in  theae  experiments  were  characterized 
by  several  unidentified  absorption  bands,  indicating  that  the  mixture  of 
products  generated  in  the  MMH  +  N0X  reaction  was  considerably  more  complex 
than  that  observed  in  the  +  N0X  system.  The  concentration-time  plots 
for  the  reactants  and  the  product  species  which  were  identified  and  quan¬ 
titatively  measured  by  FT-IR  spectroscopy  for  the  runs  performed  in  air 
with  excess  JMH  (run  F-3)  and  with  excess  N02  (run  F-4)  are  shown  in 
Figures  18  and  19,  respectively.  HONO  and  CH3NNH  were  the  identified  and 
quantitatively  measured  major  products,  with  N20,  NH3  and  CH3OH  being 
formed  in  minor  yields.  A  significant  amount  of  CH3OOH,  equivalent  to 
approximately  40Z  of  the  1MH  consumed,  was  formed  when  N02  was  reacted 
with  excess  tMH  in  air  (run  F-3;  Table  8).  Other  than  the  formation  of 
low  levels  of  H00N02  as  a  transient  intermediate  in  the  runs  without  NO 
(runs  F-3  and  F-4;  see  Figure  18  and  19),  the  inorganic  products  were  the 
same  as  those  observed  In  the  N2H^  system.  HOHO  yields  were  50-701  of  the 
N0X  consumed,  or  100-180Z  of  the  hydrazine  consumed.  The  methyldlazene 
yield  did  not  depend  strongly  on  whether  the  reaction  was  conducted  in  air 
or  in  N2,  but  was  suppressed  in  the  presence  of  excess  N02  (run  F-4). 

Taking  into  account  only  the  product  species  identified  above,  the 
carbon  and  nitrogen  balances  were  calculated  from  the  data  of  Appendix  F 
for  the  reaction  periods  given  in  Table  8.  Although  only  the  absorbance 
values  of  CH3NNH  are  presented  in  Tables  F-l  through  F-4,  estimates  of  its 
concentration  were  made  using  the  absorption  coefficient  of  7  cm“*  atm-* 
derived  from  the  MMH  +  O3  experiments  (Section  3.3.3).  The  final  carbon 
balances  relative  to  the  initial  carbon  are  80Z  for  run  F-l,  32Z  for  run 
F-2,  86Z  for  run  F-3,  and  17Z  for  run  F-4.  The  corresponding  values  for 
the  nitrogen  balance  are  82Z,  72Z,  72Z,  and  61Z,  respectively,  for  runs 
F-l,  F-2,  F-3,  and  F-4.  The  poorest  carbon  balances  are  found  in  runs  F-2 
and  F-4  which  are  characterized  by  high  initial  N0x/MMH  ratios,  while  the 
significantly  lower  nitrogen  content  found  in  the  products  of  run  F-4 
could  be  related  to  the  much  higher  initial  N02  in  this  experiment.  These 
findings  qualitatively  agree  with  the  analyses  of  the  infrared  spectra, 
where  the  stronger  absorptions  of  methylhydraslnlum  nitrate 
(CH3NHNH2 .10103)  and  other  other  unknown  products  were  observed  for  runs 
F-2  and  F-4. 
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Figure  20.  Product  Spectra  from  MMH  +  Excess  NO2  Reaction 
(Run  F-4) ;  Res  ■  1  cm-1,  Pathlength  •  102.4  m. 
(a)  At  t  -  65.8  min(  (b)  Residual  Spectrum 
from  (a) . 
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The  product  spectra  from  Che  reaction  of  tMH  with  excess  N02  In  air 
(run  F-4)  are  presented  In  Figure  20*  Figure  20a  shows  the  Infrared  spec¬ 
trum  of  the  products  In  the  -750-1500  cm-*  region  recorded  at  the  end  of 
the  experiment  (t  -  65.8  min  In  Table  F-4)  and  shows  that  MMH  was  com¬ 
pletely  consumed.  Figure  20b  resulted  from  subtracting  the  absorptions  of 
the  known  components,  i.e«,  HONO,  NHj,  N20,  and  CH3OH.  (Strong  Interfer¬ 
ences  from  the  unmatched  H20  absorptions  were  masked  to  bring  out  more 
clearly  the  contour  of  broad  absorptions  beyond  -1300  cm-*.  The  Intense 
absorptions  of  HONO  observed  In  Figure  20a  necessitated  obtaining  a  simi¬ 
lar  reference  spectrisa  for  subtraction.  However,  HONO  could  not  be  pre¬ 
pared  without  accompanying  large  amounts  of  NO  and  NO2  whose  absorptions 
dominate  the  -1550-2000  cm-*  region.  The  use  of  such  a  HONO  reference 
spectrum  for  subtraction  severely  distorted  the  -1550-2000  cm-*  region  of 
the  product  spectrum  which  was  already  characterized  by  unmatched  H20 
absorptions.  Thus,  the  region  above  -1500  cm-*  cannot  be  clearly  present¬ 
ed  here.  Strong  N02  lines  from  the  HONO  reference  spectrum  also  cause 
some  degree  of  distortion  among  the  absorptions  around  800  cm-*. 

By  analogy  with  the  N2H^  +  N0X  system,  formation  of  methylhydrazlnlum 
nitrate  (CHjNHNH^HNOj)  is  expected  In  the  MMH  case,  with  Its  largest 
yield  anticipated  In  the  run  with  excess  N02>  Indeed,  a  broad  absorption 
at  -1390  cm-*  is  evident  in  Figure  20b,  whose  contour  matches  that  of  the 
spectrum  of  the  product  from  the  direct  reaction  of  MMH  and  HNO3  (see 
later.  Section  3.6.2).  The  much  weaker  nitrate  absorption  at  -825  cm-* 
and  other  weak  bands  seen  in  the  authentic  sample  are  not  clearly  discern¬ 
ible  among  the  other  unknown  bands  In  Figure  20.  Due  to  obvious  Inter¬ 
ferences,  It  is  not  possible  to  obtain  a  reliable  measure  of  the  methylhy¬ 
drazlnlum  nitrate  produced. 

Also  seen  In  Figure  20b  Is  the  unknown  absorption  at  -1300  cm-*, 
which  would  be  somewhat  less  Intense  than  It  appears  if  It  were  not  super¬ 
imposed  on  the  broad  -1390  cm-*  band  of  methylhydrazlnlum  nitrate.  Based 
on  the  observed  time  behavior,  the  1300  cm-*  absorption  appears  to  be 
associated  with  other  bands  (marked  with  the  symbol  *  In  Figure  20b)  at 
the  approximate  positions  792,  886,  and  989  cm-*.  Moreover,  this  group  of 
absorptions  is  associated  with  a  band  at  -1730  cm-*  (not  shown  in  the 
plot)  which  appeared  as  the  strongest  absorption  (except  for  those  of 
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HONO)  in  the  product  spectrum,  despite  heavy  distortions  from  the  unmatch¬ 
ed  H20  and  N02  lines.  N-Methylf ormamide,  which  was  identified  in  an  early 
work  (Reference  49)  as  a  product  of  MMH  +  N20^  reaction  in  solution,  has 
been  ruled  out  as  a  product  of  the  present  reaction  system.  Since  the 
formation  of  other  compounds  with  C-0  groups  is  highly  unlikely  in  this 
reaction,  the  most  plausible  explanation  for  the  1730  cm-*  band  is  that  it 
arises  from  an  -0-N“0  group  whose  N*0  stretching  frequency  is  driven  from 
its  normal  range  of  1610-1685  cm-*  (Reference  50)  to  the  higher  position 
observed  by  Influence  of  an  electronegative  substituent.  The  presence  of 
the  792  cm-*  absorption  supports  this  interpretation,  since  organic  ni¬ 
trites  are  known  to  possess  an  absorption  band  near  800  cm-*.  It  is  pos¬ 
sible  that  other  characteristic  functional  group  absorptions  in  the  -1550- 
1650  cm-*  region,  which  may  provide  further  clues  as  to  the  identity  of 
this  unknown,  might  have  been  missed  in  the  interpretation  due  to  the 
severe  Interferences  encountered  in  this  spectral  range.  That  HONO  may 
somehow  be  Involved  in  the  formation  of  this  unknown  product  is  suggested 
as  well  by  the  relatively  lower  yield  of  HONO  per  MMH  consumed  in  this  run 
(F-4)  compared  with  the  other  runs,  despite  the  highest  initial  N02/MMH 
ratio  employed  (Table  8). 

A  group  of  absorption  bands  due  to  a  second  unidentified  product  is 
also  seen  in  Figure  20b.  However,  these  absorptions  are  more  clearly  seen 
In  Figure  21,  which  shows  the  product  spectra  for  the  run  in  air  where 
both  NO  and  N02  were  present  (run  F-2).  The  residual  spectrum  (Figure 
21b)  resulting  from  subtraction  of  most  known  absorptions  show  mainly  this 
group  of  bands,  at  the  approximate  positions  1032,  1120,  1213,  and  1450 
cm"1  (marked  by  the  symbol  A),  together  with  the  absorption  bands  of 
CH3NNH  and  CH3NHNH2.HN03  and  an  Indication  of  a  small  yield  of  the  first 
unknown  (by  its  1300  cm-*  band).  The  1450  cm-*  band  of  the  second  unknown 
overlaps  a  fundamental  of  CH3NNH  at  -1460  cm-*  (Reference  51),  but  the 
latter  should  be  significantly  weaker  based  on  the  strength  of  the  other 
associated  absorptions.  The  unknown's  1450  cm-*  absorption  most  likely 
arises  from  the  N*0  stretch  of  an  -N-N-0  group  (Reference  50),  with  the 
1032  cm-*  band  being  a  candidate  for  the  N-N  stretching  mode.  As  in  the 
case  of  the  first  unknown,  no  positive  identification  can  be  given  at  this 
time. 
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The  first  unknown,  with  associated  functional  group  absorption  at 
-1730  cm"*,  was  observed  in  highest  fields  in  excess  N02»  Its  yield  in 
this  run  (F-4)  relative  to  the  MMH  consumed  was  —7—  1 2  times  higher  than 
those  in  the  other  runs  and  roughly  correlated  with  the  Initial  N02/MMH 
ratio*  The  second  unknown  (with  a  functional  group  absorption  at  -1450 
cm-*)  was  formed  in  all  of  the  runs  except  F-3  (the  run  with  excess 
MMH).  Per  MMH  consumed,  the  yield  of  the  second  unknown  was  -2  times 
lower  in  excess  NO2  (run  F-4)  than  the  yields  in  runs  where  both  NO  and 
NO2  were  present,  either  in  N2  (run  F-l)  or  in  air  (run  F-2). 

Methylhydrazlnlum  nitrate  was  observed  in  all  of  the  runs*  As  judged 
from  the  product  spectra,  the  highest  amounts  were  formed  in  the  excess 
NO 2  run  (F-4),  analogous  to  the  N2H^  +  8y8teB»  with  ~3-4  times  smaller 
yields  for  the  other  experiments.  It  appears  certain  that,  at  least  for 
run  F-4,  the  Inclusion  of  methylhydrazlnium  nitrate  and  the  two  unknown 
compounds  would  dramatically  improve  both  the  carbon  and  nitrogen  balance. 

The  rate  of  decay  of  N(>2  in  the  presence  of  excess  MMH  and  of  MMH  in 
excess  N02  are  reasonably  consistent  with  the  overall  reaction  being  first 
order  in  each  reactant.  Plots  of  ln[MQi)  in  the  excess  NO2  run  (F-4)  and 
of  ln[N02]  in  excess  IffH  (runs  F-l  and  F-3)  against  time  are  shown  in 
Figure  22  for  the  first  -35  min  of  the  reaction.  The  slight  curvature 
observed  in  the  plot  for  run  F-3  can  be  attributed  to  decreasing  concen¬ 
trations  of  the  excess  MMH  during  the  reaction. 

The  apparent  MMH  +  NO2  rate  constants  derived  from  the  decays  shown 
in  Figure  22  (where  the  rates  obtained  from  the  NO2  decays  were  corrected 
using  the  observed  A[N02] /A[MMH]  ratios)  were  not  significantly  different 
for  the  three  runs,  being  (2.3  ±0.3)  x  10“ ppm“*  min“*  in  run  F-l  (NO2 
decay  in  excess  MMH  in  N2),  (2.7  ±0.2)  x  10“^  ppm-*  min~*  in  run  F-3  (N02 
decay  in  excess  MMH  in  air),  and  (3.3  ±  0.9)  x  10“^  ppm“*  min“*  in  run  F-4 
(MMH  decay  in  excess  N02  in  air).  This  contrasts  with  the  results  for  the 
corresponding  N2H^  +  N02  experiments,  where  the  rate  in  excess  hydrazine 
in  air  was  significantly  higher  than  in  the  other  two  runs.  However,  the 
apparent  MMH  +  N02  rate  constant  derived  from  the  N02  decay  near  the  end 
of  the  excess  MMH  run  (F-3)  and  that  derived  from  the  MMH  decay  in  the 
presence  of  excess  NO  in  air  (F-2)  are  -2-3  times  higher  than  these.  The 
higher  rate  of  N02  decay  near  the  end  of  run  F-3  can  be  attributed  to  N02 
consumption  by  reaction  with  CH3NNH  (see  below).  The  data  indicate  an 
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ELAPSED  TIME  (min) 


Figure  22.  Plots  of  ln{MMH]  or  ln[N02)  Against  Elapsed  Time  for  Selected 

MMH  +  N0X  Experiments.  (Concentrations  are  in  ppm,  and  Data  for 
Runs  F-l,  F-3,  and  F-4  are  Offset  by  0.8,  0.6,  and  0.5  Log  Units, 
Respectively.)  0,  0  -  Data  Used  to  Obtain  Lines  Shown;  (•)  - 
Data  Not  Used  to  Obtain  Lines  Shown. 


■»  1  —1  —18  3 

upper  Halt  rate  constant  of  ~2  x  10  J  ppa  ain  (-1.4  x  10  car  mole¬ 
cule-1  sec-1)  for  the  Initial  Iflffl  +  N02  reaction,  which  is  -A  times  higher 
chan  the  upper  limit  eat lasted  for  the  elementary  rate  constant  of  the 
N2H4  +  U02  reaction. 

The  observed  suppression  of  the  CH^NNH  yield  in  excess  N02  (run  F-4) 

indicates  that  it  reacted  with  N02,  since  the  CH3NNH  built  up  to  a  maximum 

and  subsequently  declined  (see  Figure  19).  The  rate  of  the  CH3NNH  decay 

following  the  consumption  of  MMH  provided  a  lower  limit  estimate  for  the 

—18  3  —1  —1 

apparent  CHjNNH  +  N02  rate  constant  of  -3  x  10  cm  molecule  sec  , 
which  is  comparable  to  that  found  above  for  the  MKH  +  N02  reaction. 

3.4.3  Chamber  Experiment  Results  for  Unayaaetrlcal  Dimethylhydrazlne 

+  N0_ 

■  *  "  ■  * 

The  detailed  concentratlon-tiae  data  for  the  reactants  and 
products  In  the  four  UDMH  +  NQX  experiments  are  given  in  Appendix  G  and  a 
summary  of  the  conditions  and  results  are  given  in  Table  9.  In  the  UDMH  + 
N0/N02  experiment  performed  in  N2,  a  second  N02  injection  was  made  to 
react  with  the  remaining  UDMH  after  the  initially-injected  N02  was  con¬ 
sumed  (run  G-l);  the  results  are  summarised  in  Table  9  in  the  two  columns 
for  that  run.  No  correction  to  the  amount  of  UDMH  consumed  due  to  dark 
decay  was  made  since  the  latter  process  was  negligible  in  the  time  scale 
of  these  experiments  (see  Section  3.2.3). 

As  is  the  case  with  the  other  hydrazines,  the  results  of  the  UDMH  + 
N0X  run  performed  in  N2  (run  G-l)  show  that  UDMH  reacted  with  N02  but  not 
with  NO.  The  UDMH  +  N02  reaction  occurred  much  faster  than  either  the 
N2H^  +  NO,  or  )MH  +  N02  reaction,  with  three  of  the  runs  going  to  comple¬ 
tion  in  less  than  10  minutes. 

The  concent rat ion-time  plots  for  the  reactants  and  products  observed 
in  the  two  UDMH  +  N02  experiments  performed  in  air  in  the  absence  of  NO 
are  depicted  in  Figures  23  and  24;  Figure  23  shows  the  results  of  the 
excess  UDMH  run  (G-3)  and  Figure  24  shows  those  for  the  excess  N02  run 
(G-4).  The  major  products  observed  in  these  experiments  were  HONO  and 
tetramethyltetrazene-2  (TMT).  The  yields  of  each,  relative  to  UDMH  con¬ 
sumed,  were  nearly  identical  for  the  two  runs  and  independent  of  the  ini¬ 
tial  UDMfl/N02  ratio:  -200Z  for  HONO  and  -451  for  TMT  (Table  9).  The 
reactant  stoichiometry  in  the  absence  of  NO  was  also  Independent  of  the 
initial  UDMH/N02  ratio,  with  Identical  values  of  -2  for  A [N02J/ A [UDMH]  in 
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TABLE  9.  SOMIAKT  OF  COMDITIOMS  AMD  RESULTS 
rat  THE  USMH  +  MO^  EXPEElMHtTS. 


lua  ip* 

6-lb 

G-lc 

6-2 

0-3 

G-4 

Matrix  Cm 

«2 

«2 

Air 

Air 

Air 

Tine  Range  (nln)* 

L36.A-US.g 

170-177.4  1 

.8-30.8 

0.4-9.4 

0. 4-8.8 

Initial  UDm  (ppn) 

10.2 

8.4 

3.3 

10.1 

4.0 

MO  (ppn) 

3.3 

4.9 

13.4 

- 

- 

*°2  (W»> 

3.9 

-*• 

3.3 

3.9 

18.6 

A[UDMH]  (ppn) 

1.9 

1.9 

2.4 

1.9 

4.0 

MO  oxidized2  (ppn) 

-0 

-0 

2.2 

. 

_ 

A(M0]*  (ppn) 

0.6 

0.3 

2.4 

- 

-0.3 

MM02]  (ppn) 

3.9 

-6 

4.8 

3.9 

8.2 

A(M0]/A(U0MH) 

0.3 

0.3 

1.0 

- 

-0.08 

A(H02]/A[UDHH) 

2.1 

Footnote  1 

2.0 

2.1 

2.1 

Tlalde/(A(M0X1): 

BOttO 

0.78 

Footnote  1 

0.37 

1.0 

1.0 

Tlelda/ (A[UDMH] ) 1 

HOMO 

1.8 

1.7 

1.7 

2.1 

2.0 

TUT 

0.38 

0.30 

0.22 

0.46 

0.45 

(CRjJjMMO 

~0 

-0 

0.03 

-0 

~0 

M20 

0.09 

0.09 

0.17 

<  0.02 

<  0.01 

MHj 

<  o.oi 

<  0.01 

0.01 

<  0.01 

<  0.01 

Unknown  (unlta3/ppn) 

3 

2 

9 

<  0.4 

<  0.2 

*R«f *ra  to  tab  la  nuabar 

la  Appandlx  6  vhare  dotal lad 

data  are 

Blvoa* 

bFlrtt  HOj  Injection. 
cSecond  SO j  injection. 

*Tlnee  given  In  correapondlng  data  table  Ln  Appendix  0  need  for  Initial 
and  final  raaetaat  and  product  concentration! • 

*geclaated  Mount  Injected,  enact  value  uncertain, 

^Calculated  aaount  of  MO  oxidized  due  to  Che  reectloa  MO  +  MO  +  Oj  ♦  IMOj 
2M02]/!M012dt,  Where  k  -  1.9  n  10*3*  en6  noleeule*2  tec*1  (Uference  AS) 
and  [NO]2  la  Integrated  over  the  Indicated  tine  range, 

*A(M0|  -  A(M01ob*  -  (MO  oxidized). 
hA(M02)  -  AtM02Iob*  +  (MO  oxidized), 

^Highly  uncertain  becauaa  of  uncertainty  la  anount  of  M02  Injected. 

Junltz  •  ((993  ce"1  aheorhance)/(lR  pathlength))  x  10*. 
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Figure  23.  Concentration-Time  Plots  for  Reactants  and  Selected  Products 
Observed  in  the  UDMH  +  NO,  Run  G-3  in  Excess  UDMH. 
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Figure  24.  Concentration-Time  Plots  for  Reactants  and  Selected  Products 
Observed  in  the  UDKH  +  N02  Run  G-4  in  Excess  N02 . 


both  runs.  The  only  other  product  observed  in  greater  than  2Z  yield  was 
NO,  which  formed  to  a  maximum  concentration  of  -0.4  ppm  In  the  excess  N02 
run.  This  Insensitivity  of  the  product  yields  and  reactant  stoichiometry 
to  the  hydrazlne/N02  reactant  ratio  for  UDMH  contrasts  with  the  results 
for  the  other  hydrazines,  and  suggests  a  much  simpler  mechanism  in  the 
UDMH  +  NO2  system  than  for  the  others  (see  Section  3.4.4). 

When  NO  was  present  along  with  N02  in  the  reaction  mixture,  either  in 
air  or  in  N2  (runs  G-l,  G-2),  the  relative  yields  of  HONO  and  TMT  decreas¬ 
ed,  significant  amounts  of  NO  were  consumed,  the  yields  of  N20  increased, 
and  formation  of  an  unidentified  product  was  observed  in  the  infrared 
spectrum.  In  addition,  (CH^^NNO  was  detected  in  the  run  conducted  in  air 
(run  G-2).  The  amount  of  NO  consumed  varied  from  -30X  of  the  UDMH  consum¬ 
ed  when  the  reaction  was  conducted  in  the  presence  of  -5  ppm  of  NO  in  N2 
(run  G-l)  to  -100X  (corrected  for  NO  reaction  with  02)  of  the  UDMH  consum¬ 
ed  in  the  presence  of  10-15  ppm  of  NO  in  air  (run  G-2).  The  yields  of  N20 
and  the  unknown  product  were  also  higher  in  the  run  conducted  with  the 
higher  NO  levels. 

The  relative  simplicity  of  the  UDMH  +  N02  reaction  in  the  absence  of 
NO  is  reflected  in  the  carbon  and  nitrogen  balance  obtained  from  the  data 
of  runs  G-3  and  G-4  (Appendix  G).  For  the  reaction  times  listed  in  Table 
9,  99X  of  both  the  initial  carbon  and  nitrogen  could  be  accounted  for  at 
the  end  of  the  run  with  excess  UDMH  (run  G-3) ;  the  calculated  values  for 
the  excess  N02  run  (run  G-4)  are  93Z  for  carbon  and  99Z  for  nitrogen.  For 
runs  in  the  presence  of  NO  (runs  G-l,  G-2),  the  values  calculated  without 
taking  into  account  the  unknown  product  are  96Z  C  and  95Z  N  for  the  first 
N02  injection  of  the  N2  run  (G-l);  the  corresponding  figures  for  the  run 
in  air  (G-2)  are  66Z  C  and  84Z  N.  If  all  the  missing  carbon  and  nitrogen 
are  attributed  to  a  single  compound  formed  in  run  G-2,  the  run  where  rela¬ 
tively  higher  yields  of  the  unknown  were  observed,  tbs  above  calculation 
suggests  an  N/C  ratio  of  -1.8  for  the  unidentified  species. 

Figure  25a  illustrates  the  product  spectrum,  recorded  at  the  end  of 
the  experiment  where  N02  was  added  to  excess  UDMH  (t  -  20.8  min,  run 
G-3),  after  subtraction  of  unreacted  UDMH.  The  residual  spectrum.  Figure 
25b,  resulting  from  the  subtraction  of  the  other  known  components,  dis¬ 
plays  the  strongest  bsnd  of  tetramethyltetrasana-2  (TMT)  at  1009  cm-1, 
along  with  its  other  weaker  absorptions  at  1141,  1245,  1278,  and  -1470 
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Figure  25.  Product  Spectra  from  Excess  UDMH  +  NOj  Reaction  (Run  G-3) ; 

Res  -  1  cm-1,  Pathlength  -  68.3  m.  (a)  At  t  -  20.8  min, 
(b)  Residual  Spectrum  from  (a) . 


cm~ ^  •  TMT  was  the  only  carbon-containing  product  detected  In  the  UDMH  + 
NO2  runs  In  the  absence  of  significant  amounts  of  NO.  This  Is  consistent 
with  the  carbon  and  nitrogen  balance  observed  for  runs  G-3  and  G-4. 

The  formation  of  the  unknown  product  In  the  UDMH  system,  when  both  NO 
and  NO 2  are  present.  Is  Illustrated  by  the  residual  spectrum  of  Figure  26a 
for  the  run  conducted  In  air  (t  -  50.8  min.  Table  G-2).  The  strongest 
band  situated  at  -1000  cm'*  is  actually  a  composite  of  the  respective 
strongest  absorptions  of  the  unknown  compound,  TMT,  and  NDMA.  (The  pre¬ 
sence  of  NDMA  In  the  product  spectra  was  not  Immediately  obvious  and  was 
suspectel  only  upon  consideration  of  the  plausible  chemical  mechanisms 
involved  [see  Section  3.4.4.1]).  Estimates  of  the  unknown's  absorbance 
and  of  the  concentrations  of  TMT  and  NDMA  were  obtained  by  Iterative  sub¬ 
traction  of  the  absorptions  due  to  the  latter  two  compounds.  The  result¬ 
ing  spectrum  of  the  unidentified  compound  obtained  by  this  procedure  Is 
presented  In  Figure  26b.  The  absorption  bands  at  -1480  (distorted  by 
unmatched  HjO  lines),  1286,  993,  and  857  cm-1  are  very  similar  In  posi¬ 
tions  to  those  of  the  skeletal  modes  of  NDMA  (Figure  26c).  The  -1480  cm**1 
absorption  is  expected  of  the  NO  stretching  of  the  ^N-N-0  group.  The 
spectrum  strongly  suggests  that  the  unknown  product  Is  N-nltroso-N' ,N'- 
dlmethylhydrazlne  [(CHj^N-NH-NO] ,  which  Is  consistent  with  the  mechanism 
considered  below  (Section  3. 4.4.1)  for  the  UDMH  +  NOx  reactions.  The 
nitrogen/carbon  ratio  of  1.5  for  this  nltrosohydrazlne  Is  also  consistent, 
within  experimental  uncertainty,  with  the  ratio  of  -1.8  derived  from  the 
material  balance  in  run  G-2.  The  positive  Identification  of  this  compound 
through  comparison  with  an  authentic  sample  was  not  possible  due  to  the 
lack  of  a  well-defined  preparative  procedure  In  the  literature. 

Plots  of  ln[N02]  for  the  runs  performed  In  excess  UDMH  (runs  G-l  and 
G-3)  and  of  In  [UDMH]  for  the  excess  MO2  run  (G-4)  against  tims  are  shown 
in  Figure  27.  The  decays  are  reasonably  exponential.  Indicating  that  the 
reaction  Is  probably  first  order  In  both  reactants,  as  observed  for  the 
other  hydrazines.  The  slight  curvatures  observed  are  attributable  to  the 
consumption  of  the  reactant  which  was  In  excess.  The  apparent  rate  con¬ 
stants  derived  from  the  decays  shown  In  Figure  27  (with  a  stoichiometry 
factor  of  2  being  applied  to  calculate  the  apparent  rate  from  the  N02 
decays)  were  essentially  Identical  for  all  three  runs,  being  (3.2  A  0.1)  x 
10”2  ppm-1  min-1  for  run  G-l  (N02  decay  in  excess  UDMH  In  N2),  (3.5  A  0.3) 
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x  10-2  ppa“l  min-1  for  run  G-3  (NOj  decay  In  excess  UDKH  in  air),  and  (3.6 
±0.5)  x  10-2  ppm-1  ain”1  for  run  G-4  (UDMH  decay  In  excess  HOj  In  air). 
These  apparent  rate  constants  thus  Indicate  an  upper  Halt  rate  constant 
of  -2  x  10-12  cm^  molecule-1  sec-1  for  the  eleaentary  reaction  of  NO2  with 
UDKH,  ~14  and  '•80  times  faster  than  NO2  with  MMH,  and  N2H4,  respectively. 

3.4.4  Mechanise  of  the  Reactions  of  Hydrazines  with  NOj 

The  results  of  the  exploratory  experiments  discussed  above 
strongly  suggest  that  hydrazines  react  at  significant  rates  with  NO2  In 
the  gas  phase,  though  the  data  obtained  do  not  totally  eliminate  the  pos¬ 
sibility  that  the  reaction  Is  occurring  on  the  walls.  The  fact,  however, 
that  the  magnitude  of  the  rates  for  the  reaction  of  NO2  with  the  three 
hydrazines  are  In  the  order  UDMH  >  MMH  >  NjH^,  while  the  rates  of  wall 
decay  are  ^H^  >  MMH  »  ODMH,  suggests  that  the  rate  determining  step  Is 
not  adsorption  of  the  hydrazines  on  the  wall,  as  might  be  expected  to  be 
the  case  if  the  reaction  were  primarily  heterogeneous.  Therefore,  In  the 
following  discussion  It  will  be  assumed  that  the  reactions  occur  entirely 
In  the  gas  phase,  though  this  must  be  confirmed  by  additional  experiments 
in  which  the  surface  and  the  surface/volume  ratio  Is  varied. 

The  observation  of  large  yields  of  HOMO,  as  well  as  mechanistic  and 
thermochemical  considerations,  indicate  that  the  only  reasonable  Initial 
gas  phase  reaction  between  the  hydrazines  and  NO2  is 


Y  Ri 

^N-NH  +  NO  +  HONO  +  ^N-NH 

B  /  i  £  B  / 

R2  R2 


(33) 


(where  Rj,  R2  ■  H  or  CH-j).  This  reaction  is  mechanistically  reasonable, 
since  N02  Is  an  odd-electron  species  and  thus  can  be  considered  to  be  a 
free  radical  which  can  abstract  labile  hydrogen  atoms  if  the  energetics 
are  favoreble;  the  N2H4  +  MOj  reaction  Is  estimated  to  be  ~2  kcal  mole-1 
exothermic  (References  41-43).  If  we  assume  that  H-abstractlon  from 
hydrazines  by  NO2  has  an  Arrhenius  A  factor  similar  to  that  for  H-abstrac- 
tlon  from  amines  and  hydrazines  by  CH-j  radicals  [e.g.,  -2  x  10-1^  cm^ 
molecule-1  sec-1  (Reference  44)],  then  the  activation  energies  for  the 
reaction  of  NO2  with  N2H4,  MMH,  and  UDMH  would  be  -8,  7,  and  5  kcal  mole-1 
respectively.  These  values  are  not  unreasonable  for  a  radical  hydrogen 
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abstraction  reaction  (Reference  44).  The  progression  of  increased  appar¬ 
ent  rates  of  reaction  (or  decreased  apparent  activation  energies)  from 
N2H4  to  UDMH  suggest  that,  as  expected,  methyl  substitution  weakens  the 
N-H  bonds,  making  them  more  susceptible  to  abstraction.  This  is  also 
consistent  with  the  fact  that  O3  reacts  with  MMH  and  UDMH  much  faster  than 
it  does  with  N2H4. 

The  subsequent  reactions  of  the  hydrazyl  radicals,  formed  In  reaction 
(33)  In  NOx-alr  or  N0X-N2  systems,  will  depend  on  the  extent  of  substitu¬ 
tion  of  the  radical.  The  UDMH  +  NO2  system  appears  to  be  the  simplest  of 
the  three  studied,  since  the  reactant  stoichiometries,  product  yields,  and 
apparent  rate  constants  depended  much  less  on  the  reaction  conditions  than 
in  the  case  of  the  other  hydrazines.  For  this  reason,  the  UDMH  +  NO2 
system  will  be  discussed  first. 

3.4.4. 1  Reaction  Mechanism  for  Unsymmetrlcal  Dlmethylhydra- 
zlne  +  NO^.  The  reactant  stoichiometries  and  product  yields  observed  in 
the  UDMH  +  NO2  runs  (in  the  absence  of  NO)  are  entirely  consistent  with 
the  following  mechanism: 
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CH 
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The  overall  reaction  is  then 


UDMH  +  2  N02  +  2  HONO  +0.5  TMT 

This  mechanism  predicts  that  1HT  Is  the  only  significant  organic  product 
and  that  A[N02] /AIUDMHJ  -  -AfHONO]  /A[UDMH]  -  2.0  and  -A [TMT] /A [UDMH]  - 
0.5,  consistent  with  our  observations.  Since  the  dimethylhydrazyl  radical 

(V)  apparently  does  not  react  with  02  (Section  3. 3. 6. 3)  and  radical  +  N0X 
reactions  are  known  to  be  rapid  (Reference  48),  reaction  (35)  is  a  reason¬ 
able  fate  for  (V)  in  the  UDMH  +  N02  system.  The  nitrohydrazine  species 

(VI)  is  presumably  not  stable,  as  indicated  by  the  absence  in  the  product 
spectra  of  the  normally  strong  absorptions  of  the  organic-N02  group  for 
the  runs  conducted  in  the  absence  of  NO.  The  charge-separated  species 

(VII)  in  reaction  (36)  is  believed  to  be  involved  in  a  number  of  reactions 
of  unsymmetrlcally-disubstltuted  hydrazines  in  which  tetrazene  formation 
is  observed  (Reference  30).  The  dimerization  reaction  (reaction  [37])  is 
a  reasonable  fate  for  (VII),  since  it  forms  a  stable,  non-charge-separated 
compound,  and  no  molecular  rearrangement  is  involved. 

It  should  be  noted,  however,  that  the  above  mechanism  is  not  the  only 
reasonable  mechanism  which  is  consistent  with  the  data.  An  alternate 
decomposition  pathway  for  the  nitrohydrazine  is  simply  back-decomposition: 


Ch3  no2 

>-< 

CH3'  xh 


CH. 


CH 


P'N-NH  +  N02 


(38) 


which,  if  sufficiently  rapid  at  room  temperature,  would  effectively  mean 
that  reaction  with  N02  would  not  be  a  sink  for  (V).  This  back  reaction 
could  be  important  if  the  N-N02  bond  were  sufficiently  weak  (bond  energy 
<  20  kcal  mole  ^).  Such  is  the  case  for  the  0-N02  bond  in  organic  peroxy 
nitrates  (R00N02)  (References  40,  52),  which  are  rapidly  formed  in  photo¬ 
chemical  smog  systems  from  R02  +  N02,  but  do  not  constitute  a  significant 
R02  sink  because  they  rapidly  back-decompose.  It  should  be  noted  that  for 
reaction  (37)  to  be  important,  the  N-N02  bond  in  nitrohydrazines  must  be 
much  weaker  than  those  in  nitramines,  since  the  latter  are  known  to  be 
stable  compounds  (Reference  30).  If  this  were  the  case,  the  most  probable 


sink  for  the  dimethylhydrazyl  radicals  would  be  self -reaction: 


CH3v  /H3 

^N-NH-NH-N^ 

ch-'  ch 

(VIII)  J 
(addition) 


CH3  +-  CH3 

^N-N  +  >N-NH 

CH3  CH3 


(disproportionation) 


(39) 


(AO) 


If  addition  occurs,  the  tetrazane  (VIII)  may  somehow  dehydrogenate  to  form 
the  observed  TMT ,  but  reaction  stoichiometries  different  from  those 
observed  would  be  predicted.  Species  (VIII),  if  formed,  more  likely 
decomposes  to  N2  and  dlmethylamine  (Reference  30),  which  is  not  observ¬ 
ed.  On  the  other  hand,  the  disproportionation  route  (reaction  [AO]),  if 
it  dominates  over  addition,  predicts  exactly  the  same  overall  product 
yields  and  stoichiometries  as  does  the  mechanism  involving  reactions  (35) 
and  (36),  and  is  also  entirely  consistent  with  the  data.  Thus  the  results 
of  the  UDMH  +  N02  reaction  (without  NO)  can  be  explained  by  two  different 
mechanisms. 

When  NO  is  Included  in  the  reaction  mixure,  some  NO  is  consumed,  the 
TMT  yields  are  reduced,  and  formation  of  N20  and  unidentified  product(s) 
are  observed,  indicating  that  NO  Interacts  with  the  intermediates 
formed.  Since  NO,  like  N02,  also  reacts  rapidly  with  radicals  (Reference 
A8)  formation  of  a  nitrosohydrazlne  is  expected  to  occur. 


N-NH  +  NO 
(V) 


M 


N-N^ 

(IX) 


NO 

H 


(AI) 


Spectroscopic  evidence  for  the  formation  of  the  nitrosohydrazlne  (IX), 
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accounting  for  the  unassigned  Infrared  absorption  bands  observed  In  UDMH  + 
N0X  runs  conducted  In  the  presence  of  NO,  Is  discussed  In  Section  3.4.3, 
where  It  Is  also  Indicated  that,  based  on  considerations  of  carbon  and 
nitrogen  balances,  the  yield  of  this  product  may  be  significant.  The 
nltroaohydrazine  Is  expected  to  be  much  more  stable  than  the  nltrohydra- 
zlne,  since  a  decomposition  pathway  analogous  to  reaction  (36)  Is  not 
mechanistically  reasonable  for  nitrosohydrazlnes.  However,  the  (CH3)2NN-N 
bond  strength  In  (CH3)2NNHN0  Is  expected  to  be  similar  in  magnitude  to 
that  in  (CH3) 2NNHN02«  Since  the  nltroaohydrazine  is  stable,  then  reaction 
(38)  Is  expected  to  be  slow.  This  evidence  suggests  that  the  UDMA  +  N02 
mechanism  In  fact  proceeds  via  reactions  (34-37). 

Although  It  appears  probable  that  nltroaohydrazine  formation  occurs 
when  UDMH  and  N02  react  In  the  presence  of  NO,  the  observations  of  non- 
negligible  yields  of  N20  and  the  fact  that  more  NO  Is  consumed  than  UDMH 
In  run  G-2  (Table  9)  indicate  that  this  Is  not  the  only  process  occur¬ 
ring.  The  observation  of  N20  can  be  explained  by  possible  secondary  reac¬ 
tions  of  the  nltroaohydrazine,  such  as: 


X 

CH3  (IX)  H 


HONO  + 


)N-N-N0 


7N-NN0 


/N*  +  N20 


If  reactions  (42)  and  (43)  occur,  formation  of  N-nitrosodlmethylamine  and 
dlmethylnltramine  should  also  occur  from  the  reactions  of  (X)  with  NO  and 
N02,  respectively.  Indeed,  as  discussed  in  Section  3.4.3,  there  is  evid¬ 
ence  for  formation  of  small  yields  of  N-nitrosodimethylamlne  In  the  run 
conducted  in  the  presence  of  NO  (run  G-2). 

The  only  experimental  observation  In  the  UDMH  +  N0X  system  which  is 
difficult  to  rationalize  Is  the  observation  that  more  NO  than  UDMH  is 
oxidized  In  run  G-2  (Table  9),  even  after  correction  for  consumption  of  NO 
by  reaction  with  02.  If  H02  were  somehow  generated  in  the  mechanism,  then 
additional  NO  would  be  consumed  due  to  the  reaction, 


(44) 


H02  +  NO  ♦  OH  +  N02 

with  more  Chan  half  of  Che  OH  formed  reacclng  wlch  additional  NO  under  Che 
condlCions  of  run  G-2: 

M 

OH  +  NO  ♦  HONO  (45) 


If  Che  N-H  bond  In  Che  nitrosohydrazine  la  weaker  Chan  ~50  kcal  mole**, 
HO2  formation  might  occur  via 
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followed  by 


HNO  +  0-  ♦  NO  +  H0„ 


or  via 
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(47) 
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However,  Che  thermochemistry,  atmospheric  chemistry,  and  stability  of 
nitrosohydrazine  are  presently  unknown  and  the  above  reactions  must  be 
considered  to  be  entirely  speculative  at  the  present  time* 

3.4. 4.2  Mechanism  for  Reactions  of  Hydrazine  and  Monomethyl- 
hydrazine  with  N0g.  The  reactant  stoichiometries  and  product  yields 
observed  In  the  N2H4  +  ^2  an<*  t*le  +  ^®2  exPer^ment8  were  much  more 
variable  than  those  observed  for  UDMH,  indicating  that  the  reaction  mecha¬ 
nism  is  probably  more  complex.  As  discussed  in  Section  3.3.4  for  the 
hydrazines  +  03  reactions,  N2H4  and  MMH  differ  from  UDMH  in  that  the 
hydrazyl  radical  can  react  with  O2  via  0-hydrogen  abstraction  to  yield 
diazenes  and  HO2, 
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^>N-NH  +  02  +  RN-NH  +  H02 


(R  •  H  or  CHj) ,  a  route  not  possible  in  the  UDMH  system.  If  the  reaction 
with  O2  is  slow,  or  if  [O2]  is  low  as  in  the  runs  performed  in  an  N2 
atmosphere,  diazene  formation  can  also  occur  from  the  reaction  of  NO2  with 
the  hydrazyl  radical,  either  directly  by  H-abs tract ion. 


yN-NH  +  N02  ♦  HONO  +  R-N-NH 


or  by  addition  followed  by  rearrangement  and  decomposition: 


*  u  R  I 

\  •  M  \  / 

;N-NH  +  N0„  +  xN-NC 


H-’ 

N  -  l/ 

| 

R-N-NH  +  HONO 


Formation  of  the  appropriate  dlazenes  are  indeed  observed  in  the  + 
N0X  and  MMH  +  N0X  systems,  though  it  is  clear  that  they  undergo  subsequent 
reaction  with  NO2,  which  accounts  in  part  for  the  observed  variability  of 
reactant  stoichiometries  and  product  yields. 

Evidence  that  diazene  and  methyldlazene  react  with  NO2  comes  from  the 
fact  that  their  yields  were  suppressed  as  the  [NO2J /[hydrazine]  ratio 
Increased,  as  well  as  from  the  fact  that  CH3NNH  went  through  a  maximum  and 
subsequently  declined  when  formed  in  excess  NO2  (Table  F-4  and  Figure  19) 
but  exhibited  no  such  behavior  when  formed  in  excess  Mffl  (Table  F-3  and 
Figure  18).  One  would  expect  the  most  probable  mode  of  reaction  to  be 
hydrogen  abstraction,  yielding  HONO,  N2,  and  a  radical  fragment  (H  or 
CH3). 


RN-NH  +  N02  ♦  HONO  + 


b  rq„  +  N. 


i 

1 


with  reaction  (SI)  being  estimated  (References  41,  53)  to  be  exothermic 
for  N2H2.  The  faction  of  N02  with  N2H2  la  apparently  much  faster  than 
Its  reaction  with  CHjNNH,  since  the  N2H2  was  suppressed  to  a  far  greater 
extent  (to  below  Its  IR  detection  limit)  than  CH3NNH  when  the  reaction  was 
conducted  In  excess  N02. 

H02  radicals  are  expected  to  be  formed  In  both  systems  from  the  reac¬ 
tion  of  02  with  the  hydrazyl  radicals  (reaction  [49])  and.  In  the  N2H4 
system,  from  the  reaction  of  N2H2  with  N02  (reaction  [51]).  Evidence  for 
the  formation  of  H02  In  the  MMH  system  comes  from  the  observation  of  per- 
oxynltrlc  acid  (H02N02)  in  the  runs  not  containing  NO,  where  H02N02  Is 
formed  from  the  rapid,  reaction  of  H02  with  N02> 

M 

H02  +  N02  *  H02N02  (52,-52) 

The  thermal  decomposition  of  H02N02  (reaction  [-52])  is  sufficiently  rapid 
(Reference  17)  that  H02N02  la  not  a  permanent  H02  sink,  and  Indeed  In  both 
runs  (F-3  and  F-4)  where  It  was  observed,  H02N02  went  through  a  maximum 
and  declined  to  below  Its  ZR  detection  limit  before  the  MMH  +  N02  reaction 
had  gone  to  completion.  Because  of  this,  our  failure  to  observe  H02N02  in 
the  N2H^  +  N02  runs  does  not  rule  out  Its  formation  In  that  system.  The 
steady  state  concentration  of  such  a  rapidly  decomposing  species  Is  ap¬ 
proximately  proportional  to  Its  rate  of  formation;  since  H02N02  would  be 
formed  ~6  times  slower  In  the  N2H^  +  N02  systems  than  In  the  M1H  +  N02 
system  (since  the  overall  reaction  proceeds  ~6  times  slower),  the  H02N02 
levels  In  the  N2H^  runs  would  thus  be  only  ~l/6  those  In  the  corresponding 
MMH  +  N02  runs,  which  Is  below  our  IR  detection  limit. 

Peroxynltric  acid  was  not  observed  In  the  MKH  +  N02  runs  performed 
with  NO  present.  This  Is  expected,  since  H02  is  rapidly  converted  to  OH 
by  reaction  with  NO. 


H02  +  NO  +  OH  +  N02  (44) 

The  OH  radicals  formed  will  react  with  NO  (to  form  BONO) ,  with  N02  (to 
form  HNO3), 
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(45) 


M 

OH  +  NO  ♦  HONO 
M 

OH  +  N02  ♦  HN03  (53) 

or  with  the  hydrazine,  with  the  relative  importance  of  theae  depending  on 
the  ratio  of  the  reactants.  The  formation  of  HNO3  from  reaction  (44) 
followed  by  (53)  would  account  for  the  hydrazlnlum  or  aethylhydrazlnum 
nitrate  aerosols  in  the  runs  with  added  NO,  but  not  (see  below)  its  form¬ 
ation  in  the  runs  where  NO  is  not  present.  Reaction  (44)  also  accounts 
for  the  observed  consumption  of  NO  caused  by  the  reaction  of  NjH^  and  MMH 
with  N02. 

Although  as  discussed  above,  many  of  the  observations  made  in  these 
exploratory  N2H^  +  N0X  and  MMH  +  N0X  runs  can  be  rationalized  on  the  basis 

of  the  probable  reactions  expected  to  occur,  a  number  of  other  observa¬ 

tions  are  more  difficult  to  understand.  In  particular,  for  both  N2H^  and 
MMH,  the  formation  of  significant  amounts  of  HNO3,  as  evidenced  by  the 
formation  of  relatively  large  quantities  of  hydrazinlum  and  methylhydra- 
zlnlum  nitrates,  and  the  lack  of  formation  of  H202  and  (for  t#IH)  methylhy- 
droperoxlde  in  the  runs  not  containing  NO,  are  difficult  to  explain.  In 
the  absence  of  NO,  the  mechanism  discussed  above  gives  no  obvious  source 
of  the  hydroxyl  radicals  required  to  form  HNO3  via  reaction  (53),  and  no 
obvious  major  sink  for  H02  and  CH302  which  does  not  Involve  H202  or  CH3OOH 

formation.  (Although  H02  and  CH302  will  react  rapidly  with  N02  to  form 

respectively  H00N02  and  CH300N02,  the  rapid  back-decomposition  of  these  *5 

species,  with  CH300N02  (References  40,  52]  decomposing  even  more  rapidly  i 

than  H00N02  [discussed  above] ,  means  that  their  formation  cannot  represent  i 

a  significant  N0X  sink,  as  evidenced  by  the  failure  to  observe  either  of 

* 

these  species  at  the  end  of  the  runs.)  Thus  there  appears  to  be  an  * 

unknown  HNO3  source  and  an  unknown  H02  and  CH3O2  sink  in  the  N2H^  +  N02 
and  MMH  +  N02  runs  not  containing  added  NO. 

Several  possibilities  can  be  considered  to  account  for  the  unknown 
sink  for  H02  and  source  for  HNO3.  One  possibility  is  that  NO  is  somehow 
being  generated  in  this  system.  This  would  provide  both  a  sink  for  H02 
via  reaction  (44)  and  a  source  for  HNO3  via  reaction  (53).  NO  could  pos¬ 
sibly  be  formed  from  the  reversible  and  heterogeneous  decomposition  of 
HONO, 

11/ 


I 


I 


2  HONO  ♦  NO  +  N02  +  HjO 


(54,-54) 


but  reaction  (54)  may  be  too  slew  In  our  chamber  to  be  Important*  Another 
possibility  Is  a  rapid  reaction  between  NO2  and 


N02  +  H202  +  HN03  +  OH 


since  a  surface-dependent  reaction  between  H2O2  and  NO2  Is  observed  when 
they  are  mixed  at  much  higher  reactant  concentrations  (Reference  54),  It 
is  unclear,  however,  whether  this  can  be  Important  under  the  lew  concen¬ 
trations  and  much  lower  surface/volume  conditions  employed  in  our  study* 
A  third  possibility  is  that  HO2  and  HONO  react  to  form  OH  and  HNOj, 


H02  +  HONO 


♦  OH  +  HNO, 


since  this  reaction  Is  calculated  to  be  ~9  Real  mole-1  exothermic  (Refer¬ 
ence  41).  We  are  aware  of  no  evidence  In  the  literature  for  or  against 
the  occurrence  of  reaction  (56).  At  the  present  time,  all  these  possi¬ 
bilities  must  be  considered  totally  speculative,  and  additional  research 
In  this  area  is  needed* 

The  organic  products  formed  In  the  MMH  +  N0X  system  constitute 
another  area  of  significant  uncertainty.  As  discussed  in  Section  3*4.2, 
there  are  unasslgned  IR  bands  corresponding  to  at  least  two  unknown  pro¬ 
ducts  being  formed  In  this  system  (see  also  Table  8).  We  are  unable, 
based  on  chemical  and  mechanistic  considerations,  to  suggest  reasonable 
Identities  for  these  products*  In  addition,  although  It  is  evident  that 
CH^NNH  reacts  with  NO2  (see  above) ,  we  do  not  observe  the  expected  pro¬ 
ducts  from  this  reaction*  Formation  of  methylperoxy  radicals  Is  expected 
[see  reaction  (51)];  yet,  as  mentioned  above,  methylhydroperoxlde  Is  not 
observed  in  the  runs  conducted  In  the  absence  of  NO.  In  the  presence  of 
NO,  formation  of  HCHO,  CH3ONO  and  CH30N02  would  be  expected  via  the  fol¬ 
lowing  reactions: 


CH302  +  NO  ♦  CH30’+  N02 


CH30*+  02  ♦  H02  +  HCHO 
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M 

CH30*+  NO  +  CH3«0  (59) 

M 

{^3°*  +  N02  ♦  CHjONOj  (60) 

Since  these  products  were  not  observed,  this  suggests  that  methyl  radicals 
are  not  formed  when  N02  and  CH3NNH  react*  Clearly  the  unknown  products 
formed  must  be  identified  before  the  remaining  details  of  the  MMH  +  N0X 
reaction  mechanism  can  be  determined* 

3.5  THE  REACTIONS  OF  HYDRAZINES  WITH  FORMALDEHYDE 

The  reactions  of  N2H£  and  UDMH  with  HCHO  were  carried  out  to  clarify 
their  extent  of  participation  in  the  other  reaction  systems  studied .  For 
example,  it  was  observed  that  upon  consumption  of  UDMH  in  the  Aerozlne-50 
+  O3  reaction  both  the  remaining  and  the  HCHO  formed  decayed  at  a 

significant  rate  (see  Section  3*3*5).  It  then  became  necessary  to  verify 
the  presence  of  formaldehyde  hydrasone  (H2NN-CH2)  by  generating  a  refer¬ 
ence  spectrum  and  to  obtain  an  approximate  measure  of  the  N2H4  +  HCHO 
reaction  rate. 

3.5.1  Reaction  of  with  HCHO 

One  experiment  was  performed  In  which  -11  ppm  of  N2H4  was 
injected  into  the  indoor  Teflon®  chamber  containing  -10  ppm  of  formalde¬ 
hyde  in  air.  The  detailed  concentration-time  profiles  obtained  are  shown 
in  Table  10  and  selected  product  spectra  are  shown  in  Figure  28.  Figure 
28a,  where  the  absorptions  of  unreacted  N2H^  and  HCHO  and  traces  of  NHj 
have  been  subtracted,  was  recorded  it  t  •  3*8  min.  Figure  28c  is  the 

residual  spectrum  at  the  end  of  the  experiment  (t  -  48.8  min)  where  all 
the  featured  absorption  bands  are  due  to  H2NN-CH2  (Reference  5);  the  C-N 
stretching  frequency  was  observed  at  -1610  cm-1  (not  presented  in  the 

plot).  A  closer  comparison  of  Figures  28a  and  28c  indicates  that  another 

species  was  formed  in  the  early  stage  of  the  reaction.  Upon  proportionate 
subtraction  of  the  spectrvmi  in  Figure  28c  from  that  of  Figure  28a,  the 
absorption  bands  of  the  unknown  at  1012  and  1122  cm-1  are  clearly  observed 
in  Figure  28b.  No  other  significant  absorptions  were  apparent  in  the 

entire  difference  spectrum. 

The  unknown  product  is  apparently  formed  as  a  transient  intermediate, 
since  its  highest  concentration  1s  observed  in  the  first  spectna  (Figure 
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FREQUENCY  (cm’1) 


Figure  28.  Product  Spectra  from  N2H4  +  HCHO  Reaction  (Table  10); 

Res  =  1  cm-1,  Pathlength  ■  68,3  m.  (a)  At  t  *  3.8  min, 

(b)  From  (a)  after  Subtraction  of  HjNN^CHj  Absorptions, 

(c)  H2NN“CH2  as  the  Only  Product  at  t  *  48.8  min. 


TABLE  10. 


REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN 

7  or 


6400 


N2H4  +  HCHO  REACTION  (T  -  27°C,  RH  -  12Z; 
1  CHAMBER;  RES  -  1  CM"1,  PATHLENGTH  -  68. 


3  M). 


Elapsed  Time 
(mln) 

Concentration 

(ppm) 

Absorbance  at 

n2h4 

HCHO 

nh3 

982.1  cm"1 
h2nn-ch2 

1122.4  cm"1 
Unknown 

-7 

10.1 

0 

10.9 

(calc'd) 

3.78 

3.41 

3.28 

0.15 

0.144 

0.056 

7.78 

2.42 

2.63 

0.16 

0.168 

0.043 

11.78 

1.87 

2.22 

0.17 

0.182 

0.035 

16.78 

1.23 

1.63 

0.17 

0.202 

0.023 

27.78 

0.36 

0.89 

0.18 

0.225 

0.007 

34.78 

- 

0.52 

0.17 

0.231 

0.004 

48.78 

— 

0.33 

0.18 

0.237 

28a)  at  3.8  min  after  Che  reaction  started,  and  It  subsequently  declined 
to  undetectable  levels  by  the  end  of  the  run  (see  Table  10).  From  a 
mechanistic  point  of  view.  It  Is  reasonable  to  expect  the  Intermediate  to 
have  the  structure  H2N-NH-CH2OH,  since  the  following  appears  to  be  reason¬ 
able  reactions  accounting  for  hydrazone  formation: 

+  — 

H2N-NH2  +  HCHO  ♦  [H2N-NH-CH-0]  ♦  H2N-NH-CH2OH  (61) 

(XI)  (XII) 

H2N-NH-CH2OH  ♦  H2N-N-CH2  +  H20  (62) 

(XII) 

with  the  re-arrangement  of  (XI)  apparently  occurlng  much  faster  than  the 
decomposition  of  (XII).  If  this  mechanism  Is  correct,  then  the  rate  of 
decay  of  the  1122.4  cm"1  absorption  for  t  >  16.8  min  (when  formation  of 
the  unknown  should  be  relatively  slow)  Indicates  an  apparent  unimolecular 
decay  rate  constant  of  -0.1  mln  (-1.6  x  10  sec  )  for  compound 
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(XII).  From  spectroscopic  considerations,  the  possibility  that  the 
unknown  species  Is  Indeed  compound  (XII)  cannot  be  verified  or  ruled  out 
at  the  present  time. 

The  N2H4  +  HCHO  reaction  la  moderately  fast,  going  to  completion  in 
30  min  In  the  experiment  performed  In  this  study  with  ~l:l  reactant  stoi¬ 
chiometry.  (The  observed  I:  I  stochlometry  allowed  a  value  of  ~5.8  cm  * 
atm-*  for  the  absorption  coefficient  of  the  921.3  cm-*  Q  branch  of 
H2NN-CH2  to  be  estimated,  which  was  employed  In  detlvlng  concentrations 
for  this  species  In  the  Aerozlne-50  +  O3  experiment  [Section  3.3.5].) 
Since  the  stoichiometry  Is  ~1:1,  and  since  the  initial  concentrations  of 
each  reactant  were  essentially  the  same,  the  decay  curves  should  fall  on  a 
second  order  plot  (i.e.,  l/(HCH0]  and  1/ J  being  linear  when  plotted 
against  time)  If  It  Is  a  simple  second  order  reaction,  as  would  be  the 
case  (for  example)  If  the  mechanism  consisted  of  reactions  (61)  and  (62) 
above.  However,  when  the  concentrations  are  plotted  in  this  way,  the 
plots  are  not  linear;  the  initial  and  final  apparent  rates  of  reaction  are 
faster  than  the  rates  observed  around  the  middle  of  the  run.  Thus,  It  is 
probable  that  the  reaction  of  with  HCHO  is  not  a  simple  gas  phase 
process  such  as  Implied  by  reactions  (61)  and  (62)  above,  but  Is  either 
heterogeneous  In  nature,  or,  if  It  Is  Indeed  a  gas  phase  process,  proceeds 
via  a  more  complex  reaction  mechanism  than  Indicated  by  reactions  (61)  and 
(62). 

3.5.2  The  Reaction  of  Unsymmetrlcal  Dlnethylhyd ratine  with 

Formaldehyde 

Two  experiments  were  carried  out  for  the  UDMH  +  HCHO  system: 
the  first  was  with  Initial  concentrations  of  ~15  ppm  UDMB  and  ~6  ppm  HCHO 
and  the  second  with  ~6  ppm  UDMH  and  -18  ppm  HCHO.  The  detailed  concentra¬ 
tion-time  data  for  these  runs  are  given  In  Tables  11  and  12,  and  FT-IR 
spectra  at  selected  times  during  the  run  with  excess  HCHO  are  presented  In 
Figure  29.  Figure  29a  (t  -  2.8  min)  essentlaly  shows  only  the  absorption 
bands  of  ODKH  and  the  spread  of  the  well-resolved  lines  of  HCHO  starting 
at  ‘'1000  cm-*.  Figure  29b  is  the  spectrum  of  the  reaction  mixture  at  the 
end  of  the  experiment  (t  -  150.8  min)  and  shows  the  development  of  a  pro¬ 
duct.  Subtraction  of  the  absorptions  of  unreacted  UDMH  and  HCHO  revealed 
the  spectrum  (Figure  29c)  of  formaldehyde  dlmethylhydrasone 
((CHjJjlW-CHj] 1  which  was  verified  by  comparison  with  a  published  gas- 
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TABLE  11.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN 
UDMH  +  HCHO  REACTION;  EXCESS  UDMH  (T  -  24°C,  RH  -  HZ; 
6400  1  CHAMBER;  RES  -  1  CM-1,  PATHLENGTH  -  68.3  M) . 


Elapsed  Tine 
Osin) 

Concentration 

UDMH  HCHO 

(PES) _ 

nh3 

Absorbance 
at  1010  cm~* 

(ch3)2nn-ch2 

-7 

5.86 

0 

14.9 

(calc'd) 

9.78 

14.5 

5.08 

0.06 

0.032 

15.78 

14.2 

4.88 

0.06 

0.045 

25.78 

13.6 

4.36 

0.06 

0.071 

35.78 

13.2 

3.97 

0.06 

0.094 

45.78 

12.7 

3.39 

0.06 

0.115 

55.78 

12.3 

3.17 

0.06 

0.139 

66.78 

12.0 

2.63 

0.06 

0.157 

78.78 

11.5 

2.13 

0.06 

0.177 

TABLE  12. 
UDMH  + 
6400 

REACTANT  AND  PRODUCT  CONCENTRATIONS 
HCHO  REACTION;  EXCESS  HCHO  (T  -  24°C, 
1  CHAMBER;  RES  -  1  CM  ,  PATHLENGTH  - 

VS.  TIME  IN 

RH  -  I IX; 

68.3  M). 

Concentration 

(ppm) 

Absorbance 

Elapsed  Time 

at  1010  ca"* 

(min) 

UDMH 

HCHO 

nh3 

(ch3)2nn-ch2 

-5 

0 

5.5  (calc'd) 

2.78 

5.41 

17.4 

0.03 

0.007 

5.78 

5.23 

17.2 

0.03 

0.011 

10.78 

4.99 

17.1 

0.04 

0.024 

15.78 

4.81 

16.9 

0.04 

0.031 

30.78 

4.32 

16.2 

0.03 

0.059 

50.78 

3.51 

0.04 

0.090 

70.78 

2.84 

15.3 

0.04 

0.123 

90.78 

2.30 

14.8 

0.04 

0.148 

110.78 

1.75 

14.3 

0.04 

0.172 

131.78 

1.31 

0.03 

0.191 

150.78 

0.99 

0.04 

0.208 

FREQUENCY  (cm'1) 


Figure  29. 


Infrared  Spectra  from  UDMH  +  Excess  HCHO  Reaction 
(Table  12);  Res  -  1  cm-1,  Pathlength  -  68.3  m. 

(a)  Reaction  Mixture  at  t  =  2.8  min,  (b)  Reaction 
Mixture  at  t  -  150.8  min,  (c)  From  (b)  Minus 
Absorptions  of  Unreacted  UDMH  and  HCHO. 
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phase  infrared  spectrum  (Reference  55).  It  was  the  only  product  observed 
in  the  UDMH  +  HCHO  experiments.  In  contrast  with  the  N2H^  case,  there  was 
no  evidence  from  the  infrared  spectra  that  a  transient  Intermediate  was 
formed  at  any  time  during  the  reaction. 

The  data  of  Tables  11  and  12  indicate  that,  as  in  the  case  of 
the  overall  reactant  stoichiometry  was  *-1:1  for  both  runs.  However,  the 
data  indicate  a  significantly  slower  rate  for  the  UDMH  +  HCHO  reaction 
than  for  N2H^  +  HCHO.  As  with  N2H^  +  HCHO,  the  kinetics  do  not  appear  to 
be  simple,  since  UDMH  decay  in  excess  HCHO,  or  HCHO  decay  in  excess  N2H^ 
were  significantly  non-exponential;  the  decay  rates  in  both  cases  increas¬ 
ed  with  time,  despite  the  fact  that  the  reactant  in  excess  was  also  being 
consumed.  Thus  we  conclude  that  the  reactions  of  HCHO  with  both  N2H^  and 
UDMH  are  either  primarily  heterogeneous  in  nature  or  proceed  via  more 
complex  pathways. 

3.6  THE  REACTIONS  OF  HYDRAZINE  WITH  NITRIC  ACID 

As  discussed  in  Section  3.4,  formation  of  nitric  acid  salts  was  ob¬ 
served  in  the  hydrazines  +  N0X  experiments  and  verified  by  comparison  with 
spectra  generated  from  the  direct  reaction  of  nitric  acid  vapor  with  the 
vapors  of  the  hydrazines.  The  procedure  followed  was  to  inject  increment¬ 
al  amounts  of  the  hydrazine  into  an  excess  amount  of  HNO^  in  order  to 
additionally  investigate  the  possibility  of  di-  or  tri-basic  salt  forma¬ 
tion. 

3.6.1  Hydrazlnlum  Nitrate 

Three  separate  2.0  ppm  (calculated)  aliquots  of  N2H^,  were 
added  to  ~8  ppm  of  HNO^  with  spectra  recorded  between  injections.  The 
amount  of  HNO-j  consumed  was  not  well  defined  during  the  first  N2H^  injec¬ 
tion,  due  to  a  problem  in  the  introduction  of  HNO^  into  the  chamber  (as 
evidenced  by  the  presence  of  HNO3  droplets  in  the  glass  injection  tube) 
which  resulted  in  Inhomogeneous  mixing.  After  the  homogeneity  of  HNO3  in 
the  chamber  was  assured,  the  second  and  third  increments  of  N2H^  were  each 
found  to  consume  2.1  ppm  of  HNO3,  indicating  1:1  stoichiometry.  The  N2H^ 
+  HNO3  reaction  was  apparently  "instantaneous,"  since  no  N2H^  absorptions 
were  detected  in  the  Infrared  spectra  recorded  Immediately  after  mixing. 
Light  scattering  from  the  reaction  mixture  was  visually  evident.  Within 
the  experimental  uncertainties,  the  ratios  of  the  strongest  absorption 
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band  for  the  three  accumulative  injections  was  1 : 2 : 3 •  These  results  indi¬ 
cate  that  the  only  salt  formed  was  the  monobasic  salt  (°r 
alternatively,  NH2NH3NO3) ,  and  further  suggests  that,  despite  evidence  of 
aerosol  formation,  the  IR  spectrum  can  be  used  to  estimate  the  "gas-phase" 
concentration  of  hydrazinium  nitrate,  at  least  for  the  concentration  range 
indicated  here. 

The  infrared  absorption  bands  of  hydrazinium  nitrate  are  presented  in 
Figure  30a  for  the  region  ~800-1700  cm-*.  Strong  interfering  H2O  lines 
above  ~1400  cm-*  were  masked  to  bring  out  more  clearly  the  band  contours 
of  the  nitrate  salt.  The  broad,  strongest  band  seen  at  '>•1300-1450  cm-*  is 
a  superposition  of  the  characteristic  frequency  of  NO3  at  -1350  cm-*  and 
that  of  the  -NH+  group  at  -1410  cm-*.  This  composite  peak  is  analogous  to 
that  for  the  NO3  and  NH3  modes  of  NH^  NO3  and  is  also  characteristic  of 
the  nitrate  salts  of  other  hydrazines  (see  following).  Two  other  charac¬ 
teristic  NO3  absorptions  are  seen  at  824  and  1044  cm-*,  with  the  other 
bands  at  ~978  and  ~1100  cm-*  agreeing  with  those  of  the  NH2NHj  group  of 
other  hydrazinium  salts  (e.g.,  ^2^2’ SCI). 

3.6.2  Methylhydrazlnlum  Nitrate 

With  two  3.2  ppm  aliquots  of  MMH  injected  into  ~7  ppm  initial 
HNO-j,  3.0  and  2.8  ppm  of  HNO3,  respectively,  were  consumed.  Indicating 
that  within  the  experimental  uncertainties  the  stoiehlometry  was  1:1.  As 
in  the  case  of  N2H4,  the  reaction  was  extremely  rapid,  being  complete 
within  the  mixing  time,  and  the  band  intensities  were  proportional  to  the 
amount  of  MMH  which  reacted,  despite  visual  indication  of  the  formation  of 
an  aerosol  phase. 

The  Infrared  spectrum  of  methylhydrazlnlum  nitrate  (CH3NHNH2.HNO3)  is 
presented  in  Figure  30b.  As  expected,  the  NO3  and  -NHj  group  absorptions 
are  similar  in  contours  and  positions  with  those  found  in  NH2NH2.HNO3. 

3.6.3  N.N-Dlmethylhydrazlnlum  Nitrate 

The  stepwise  addition  of  2.0  ppm  and  7.0  ppm  UDMH  to  ->•10  ppm 
initial  HHO3  "Instantaneously"  consumed  1.6  ppm  and  6.0  ppm  of  HNO3,  re¬ 
spectively.  Within  the  experimental  uncertainty,  the  results  indicate  a 
1:1  reactant  stoichiometry  as  was  observed  for  the  other  hydrazines. 
Likewise,  aerosol  formation  was  evident,  but  the  measured  band  intensities 
were  still  proportional  to  the  total  amount  of  UDMH  which  reacted  in  each 
injection. 


121 


Figure  30.  Product  Spectra  from  the  Reactions  of  Hydrazines  with 
Nitric  Acid;  Res  =  1  cm-1,  Pathlength  =  68.3  m.  Each 
Spectrum  Normalized  to  -6  ppm  of  Reacted  Hydrazine. 
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Figure  30c  shows  the  infrared  spectrum  of  N,N-dlmethylhydrazlnlum 
nitrate  [(CHj^NNHj.m^  or  (CH3) jNNH^NOp  and  indicates  the  general  simi¬ 
larity  of  the  NOj  and  -NH3  group  absorptions  with  those  of  the  monobasic 
salts  of  the  other  hydrazines •  A  general  differentiation  among  the  three 
salts  must  come  from  the  generally  weaker  "fingerprint"  absorptions  of  the 
substituent  groups.  For  each  case,  the  spectrum  of  the  monobasic  salt  may 
not  be  significantly  different  from  that  of  the  dibasic  form  (e.g., 
NH2NH2.2HN0J)  in  the  spectral  region  examined.  The  results  of  the  above 
experiments  confirmed,  however,  that  for  all  three  hdyrazines  the  forma¬ 
tion  of  di-  or  tri-basic  nitrate  salts  was  not  significant  when  the  reac¬ 
tants  were  mixed  in  the  vapor  phase. 

3.7  RATES  OF  REACTION  OF  DIMETHYLNITRAMINE  AND  N-NITROSODIMETHYLAMINE 

WITH  THE  HYDROXYL  RADICAL 

Rate  constants  for  the  reaction  of  OH  radicals  with  the  two  major 
oxidation  products  of  UDMH,  namely  dimethylnitramine  (DMN)  and  N-nitroso- 
dimethy lamine  (NDMA) ,  were  determined  using  relative  rate  constant  tech¬ 
niques  (Reference  14).  With  this  method,  the  rate  of  disappearance  of  the 
reactant  being  studied,  relative  to  that  of  a  reference  compound  whose  OH 
radical  rate  constant  is  accurately  known,  is  measured  in  a  chemical  sys¬ 
tem  where  OH  radicals  are  generated  under  conditions  such  that  reaction 
with  OH  is  the  only  significant  sink  for  both  the  reactant  being  studied 
and  the  reference  compound.  Under  such  conditions,  regardless  of  the 
exact  chemical  system  employed  to  generate  the  OH  radicals,  the  kinetic 
differential  equations  are  as  follows: 


-dln[reactant] /dt  -  kjJOHJ 

and 

-dlntref erence  organic] /dt  -  k2lOH] 
from  which  we  can  derive: 


[reactant] 
[reactant]  0 


[reference  organic] 
[reference  organic]  0 


(VII) 

(VIII) 


(IX) 
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where  [reactant],  ,  [reference  organic],,  are  the  concentrations  of  the 
o  *-o 

reactant  and  reference  organic  at  tine  t0;  [reactant] t,  [reference  organ¬ 
ic]  t  are  the  corresponding  concentrations  at  time  t;  and  k^  and  k2  are  the 
rate  constants  for  the  reaction  of  OH  radicals  with  the  reactant  and  the 

reference  organic,  respectively.  Hence,  plots  of  ln( [reactant] ,  /[reac- 

co 

tant],)  against  ln( [ref erence  organic] ,  /[reference  organic],)  should 

Eo  c 

yield  straight  lines  with  a  zero  intercept  and  a  slope  of  kj/k2.  Since  k2 
is  known  for  the  reference  compound,  the  rate  constant  k|  for  the  reaction 
of  OH  radicals  with  the  reactant  can  be  derived. 

3.7.1  Dlmethylnltramlne 

The  chemical  system  employed  to  generate  the  OH  radicals  for 
the  purpose  of  measuring  the  OH  +  dlmethylnltramlne  rate  constant  was 
based  on  photolysis,  at  wavelengths  >  290  nm,  of  ppm  concentrations  of 
methylnltrlte  (CH^ONO)  In  air,  which  has  been  described  In  detail  previ¬ 
ously  by  Atkinson,  et  al.  (References  14,  56).  OH  radicals  are  formed  via 
the  following  reactions: 

CHjQNO  +  hv  ♦  CHjO*  +  NO  (63) 

CH3°  +  02  +  HCHO  +  H02  (58) 

H02  +  NO  -*•  OH  +  N02  (44) 


or  overall: 


CH30N0  +  hv  +  02  -*■  HCHO  +  N02  +  OH 

Due  to  the  high  photolysis  rate  of  CHjONO  (References  14,  32,  56,  and  57), 
high  concentrations  of  OH  radicals  can  readily  be  obtained  using  this 
approach.  Since  dlmethylnltramlne  does  not  photolyze  significantly  at  the 
wavelengths  (>  290  nm)  employed  in  this  system  (Reference  58),  and  since 
(Section  3.8.1)  dlmethylnltramlne  does  not  react  significantly  with  ozone 
(formed  at  l<w  levels  from  the  photolysis  of  the  N02  present  in  this  sys¬ 
tem),  its  consumption  in  this  system  should  be  due  exclusively  to  reaction 
with  the  OH  radical. 
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Two  irradiations  of  CH^ONO/NO/DMM/reference  organlc/air  mixtures  were 
carried  out,  with  methanol  and  dimethyl  ether  serving  as  the  reference 
organics.  The  irradiations  were  carried  out  at  ~30Z  of  the  maximum  light 
intensity,  and  initial  concentrations  were  :  CH3ONO,  10  ppm;  NO,  20  ppm; 
DMN,  4  ppm;  CH3OH  or  CH3OCH3,  4  ppm.  The  concentrations  of  the  reactants 
were  monitored  by  FT-IR  spectroscopy  for  ~l-2  hours. 

Figures  31  and  32  show  that  good  straight-line  plots  based  on  equa¬ 
tion  (IX)  resulted  from  these  experiments,  Indicating  our  assumption  that 
reaction  with  OH  is  the  major  sink  for  dlmethylnitramine  and  the  reference 
organics  employed  is  probably  valid.  From  least  squares  analysis  of  these 
data,  we  obtain: 

k(OH  +  DMN)/k(0H  +  CH3OH)  -  5.9  ±  1.0 

and 

k(OH  +  DMN) /k (OH  +  CHjOCHj)  -  1.32  ±  0.07 

with  the  indicated  errors  being  two  least  squares  standard  deviations. 

Using  literature  rate  constants  for  the  reactions  of  OH  radicals  with 
CH3OH  and  CHjOCHj  at  room  temperature  of  (1.0  ±  0.1)  x  10-1^  cm^  molecule-1 
sec-1  (Reference  59)  and  (3.5  ±  0.35)  x  10-1^  cn?  molecule-1  sec-1  (Refer¬ 
ences  59,  60)  respectively,  then  rate  constants  for  the  reaction  of  OH 
radicals  with  DMN  of  (5.9  ±  1.2)  x  10-1^  cm"1  molecule-1  sec-1  and  (4.62  ± 
0.53)  x  10-12  cm3  molecule-1  sec-1  may  be  derived  from  the  DMN  +  CH3OH  and 
DMN  +  CH3OCH3  systems,  respectively.  (The  indicated  errors  Include  uncer¬ 
tainties  in  the  OH  radical  rate  constants  for  CH3OB  and  CH3OCH3.)  A 
weighted  average  of  these  data  yields  a  rate  constant  of 

k(0H  +  DMN)  -  4.8  x  10-12  cm^  molecule-1  sec-1 

with  an  estimated  overall  uncertainty  of  ~15%. 

3.7.2  N-Nltrosodlmethylamine 

Since  N-nltrosodlmethylamine  (NDMA)  photolyses  rapidly,  the 
generation  of  OH  radicals  via  CH3ONO  photolysis  cannot  be  used  without 
introducing  severe  uncertainties.  Hence,  in  this  case  the  thermal  decom¬ 
position  of  peroxyacetyl  nitrate  [CH3C(0)00N02  or  PAN]  in  the  presence  of 
excess  NO  in  the  dark  was  used  to  generate  OH  radicals.  In  this  system, 
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OH  radicals  are  generated  via  the  following  sequence  of  reactions  (Refer¬ 
ences  61-64): 


or  overall: 


CH 


Eoono.  t  chJoo*  + 


2  <- 


NO. 


ch38oo*  +  NO  +  CH3$o*  +  N02 
3  fast 


CH3Ko*  +  CH3  +  C02 
M 

CH3  +  02  ♦  CH302 
CH302  +  NO  ♦  CH30  +  N02 
CH30  +  02  ♦  HCHO  +  H02 
H02  +  NO  +  OH  +  N02 


2  o. 


PAN  +  3  NO  +  HCHO  +  4 


no2  + 


OH 


(64,-64) 

(65) 

(66) 
(22) 

(57) 

(58) 
(44) 


This  technique  has  the  advantage  that  the  radicals  are  formed  In  the  dark, 
and  thus  It  can  be  used  with  highly  photoreactlve  compounds  such  as 
NDMA.  However,  the  formation  rate  of  OH  radicals  In  this  system  Is  rela¬ 
tively  slow,  and  the  OH  radical  concentrations  obtained  with  this  tech¬ 
nique  are  significantly  lower  than  those  obtainable  from  CH^ONO  photolysis 
since.  In  the  presence  of  excess  NO,  the  rate-determining  step  Is  the 
thermal  decomposition  of  PAN  (k  ■  3.7  x  10~^  sec-*  at  298  K  [Reference  40] 
corresponding  to  PAN  half-life  of  31  min  at  298  K).  A  further  disadvan¬ 
tage  of  this  technique  Is  the  fact  that  high  NO  to  NOj  conversion  rates 
occur,  along  with  the  loss  of  OH  radicals  via  the  combination  reactions 

M 

OH  +  NO  +  H0N0  (45) 

M 

OH  +  N02  ♦  HN03  (53) 


While  these  reactions  also  occur  In  the  CH^ONO  photolysis  system,  the 


x 


1 


4 


128 


rapid  photolysis  of  HONO  (Reference  67)  regenerates  OH  radicals  la  the 
photolytic  system* 


HONO  +  hv  ♦  OH  +  NO 


(67) 


Three  runs  were  attempted  with  different  reference  organics:  meth¬ 
anol,  ethene,  and  propene*  Initial  concentrations  were:  PAN,  5  ppm;  NO, 
25  ppm;  NDMA,  5  ppm;  reference  organic,  5  ppm*  The  reactions  were  moni¬ 
tored  by  FT-IR  spectroscopy  for  -2*5  to  3  hours.  For  the  runs  employing 
methanol  and  ethene,  the  amount  of  NDMA  and  reference  compound  consumed 
were  too  small  (<  5X  consumption  for  each)  to  allow  meaningful  kinetic 
Information  to  be  derived*  The  run  with  propene  as  the  reference  compound 
was  more  successful:  -10-15X  of  the  propene  was  consumed,  and  the  amount 
of  NDMA  reacting,  though  small  (~5Z),  was  sufficient  to  allow  an  approxi¬ 
mate  estimate  of  Its  rate  constant  to  be  made  using  equation  (IX).  Figure 
33  shows  the  plot  of  equation  (IX)  from  the  data  of  the  NDMA/propene/PAN/ 
NO  run.  Although  the  data  are  highly  scattered  because  of  the  relatively 
lew  OH  radical  levels  and  the  resulting  small  amount  of  NDMA  consumed, 
they  indicate  that 


k(OH  +  NDMA) /k(OH  +  propene)  -  0.083  i  0.035 

with  the  errors  reflecting  two  standard  deviations.  Using  an  OH  +  propene 
rate  constant  of  2.5  x  10-**  cm3  molecule-*  sec-*  (Reference  59),  we  thus 
derive 

k(OH  +  NDMA)  -  (2  A  1)  x  10-*2  cm3  molecule-1  sec-* 

3.7.3  Discussion 

The  reactlone  of  hydroxyl  radicals  with  dlmethylnitramlne  and 
N-nltrosodimethylamlns  are  expected  to  occur  via  an  H  abstraction  from  a 
C-H  bond  on  a  methyl  radical, 

•  fb 

(CH3) 2&-H0x  +  OH  ♦  CH2N-N0x  +  H20 

and  can  thus  be  compared  with  analogous  abstractions  from  methyl  groups  on 
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Figure  33.  Plots  of  ln( [NDMA] tQ/ [NDMA] t)  Against  ln([CH3CH-CH2]to/ 
[CH3CH»CH2]t>  from  the  NDMA/CH3CH«CH2/PAN/NO  Experiment. 
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ocher  classes  of  compounds.  The  rate  constant  per  C-H  bond  Is  (In  units 
of  10“*^  ca^  molecule”*  sec”*)  0.80  ±  0.12  for  DMN  and  0.33  ±  0.17  for 
NOMA,  respectively.  This  can  be  coapared  with  rate  constants  (In  the  same 
units)  of  0.07  for  abstraction  froa  primary  C-H  bonds  In  the  simple 
alkanes  (Reference  59)  and  with  -7  for  abstraction  froa  the  C-H  bonds  In 
the  alkylamines  (Reference  66).  Thus,  while  the  rate  constants  for  the 
reactions  of  OH  radicals  with  DMN  and  NDKA  can  be  considered  to  be  sur¬ 
prisingly  low  when  they  are  assumed  to  be  analogous  to  the  simple  amines. 
It  is  clear  that  H-atom  abstractions  by  OH  radicals  from  the  C-H  bonds  In 
these  compounds  are  still  much  more  rapid  than  those  encountered  In  the 
simple  alkanes. 

If  one  assumes  an  average  OH  radical  concentration  of  -1  x  10^  mole- 
cules  cm  for  the  lower  troposphere  (Reference  8),  then  the  calculated 
atmospheric  half  lives  due  to  removal  by  reaction  with  OH  radicals  are 
-1.7  days  for  DMN  and  -4  days  for  NDMA.  Since  NDMA  has  a  photolytlc  half- 
life  of  less  than  -10  minutes  (see  Section  3.8.2),  reaction  with  the  OH 
radical  Is  a  relatively  minor  atmospheric  sink  for  this  compound.  On  the 
other  hand,  reaction  with  OH  radicals  will  probably  be  the  major  degrada¬ 
tion  pathway  for  DMN. 

3.8  OTHER  REACTIONS  OF  DIMETHYLNITRAMINE  AND  N-NITROSODIMETHYLAMINE 

3.8.1  Dark  Decay  and  Reaction  with  Prone 

The  decay  of  3.5  ppm  of  N-nltrosodlmethylamlne  In  the  6400  1 

(6) 

Teflon**  chamber,  shielded  from  ambient  light,  was  monitored  by  FT-IR  spec¬ 
troscopy.  There  was  no  measurable  change  In  concentration  detected  after 
6  hours.  Likewise,  no  change  In  the  NDMA  concentration  could  be  measured 
3  hours  after  -12  ppm  of  O3  was  subsequently  Introduced,  Indicating  that 
the  NDMA  +  O3  reaction  proceeds  at  a  negligible  rate,  with  a  rate  constant 
of  <  3  x  10”^®  cm^  molecule”*  sec”*. 

The  above  experiment  was  repeated  for  dlmethylnltramine  (DMN)  with 
similar  results:  no  measurable  dark  decay  was  observed  in  3  hours  and  no 
detectable  change  in  DMN  concentration  occurred  within  3  hours  In  Its 
mixture  with  excess  O3,  leading  to  a  similar  upper  limit  for  the  rate 
constant  for  reaction  of  O3  with  DMN. 
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3.8.2  Photolysis  of  N-Nltrosodlmethylamlne  in  the  Presence  of  Ozone 
The  relatively  rapid  photolysis  of  N-nitrosodimethylamine  is 
probably  Its  primary  mode  of  degradation  In  the  atmosphere  in  the  daytime, 
and  thus  its  photolysis  rate  was  measured  in  order  to  obtain  an  Indication 
of  Its  atmospheric  lifetime.  However,  photolysis  of  pure  NDMA  in  air 
would  lead  to  observed  rates  of  decay  which  are  significantly  slower  than 
the  rate  of  the  elementary  photodecomposition  reaction 


(CH^N-NO  ♦  (CH3)2N  +  NO 


because  of  the  rapid  recombination  of  the  fragments  to  reform  NDMA. 


(CH3)2N  +  NO  ♦  (CH3)2N-NO  (70) 

In  this  study,  that  problem  was  circumvented  by  the  Inclusion  of  excess  0-j 
In  the  NDMA-alr  mixture  during  Its  photolysis.  The  0-j  will  react  rapidly 
with  the  NO  formed  by  reaction  (71),  and  thus  suppress  NO  levels  suffi¬ 
ciently  so  that  reaction  (70)  should  become  unimportant. 

NO  +  03  >  N02  +  02  (71) 

Thus,  an  experiment  was  performed  In  which  4  ppm  of  NDMA  and  12  ppm  of  03 
were  photolyzed  In  air  In  the  Indoor  Teflon®  chamber,  using  black  light 
irradiation  with  a  light  Intensity  corresponding  to  a  measured  N02  photol¬ 
ysis  rate  of  -0.45  min-*.  (The  light  intensity  measurement  was  made 
several  months  prior  to  this  experiment,  and  thus  must  be  considered 
strictly  as  an  upper  limit  because  of  possible  degradation  of  the  light 
intensities  of  the  lamps  over  this  period.) 

Figure  34a  shows  the  Infrared  spectrum  (-750-1400  cm-*)  of  the  reac¬ 
tion  mixture  before  Irradiation  and  Figure  34b  Illustrates  the  changes 
which  occurred  at  t  ■  35.8  min  Into  the  Irradiation.  The  products  observ¬ 
ed  were  dlmethylnitramlne  (DMN) ,  HCH0,  CH-jN02,  CO,  HNO3,  N02  and  N205»  A 
reference  spectrun  of  DMN,  the  major  product.  Is  included  In  Figure  34c 
for  comparison.  The  spectral  analysis  for  the  reactants  would  be  Impos¬ 
sible  without  the  iterative  subtraction  method  afforded  by  our  data  mani¬ 
pulation  software,  since  absorptions  of  DMN,  NDMA,  and  O3  mutually  overlap 
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TABLE  13.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  DURING 
IRRADIATION®  OF  (CH3)2NN0  IN  THE  PRESENCE  OF  EXCESS  O3 
[T (AVG)  -  28°C;  6400  l  CHAMBER;  RES  -  1  CM-1,  PATHLENGTH  -  68.3  M] . 


Elapsed 

Time 

(min) 

Concentration  (ppm) 

(ch3)2nno 

°3 

<ch3)2nno2 

CH3N02b 

HCH0 

CO 

HNO3 

n2o5 

N02 

-28 

4.05 

12.0 

-15 

3.97 

12.0 

0 

START 

OF  IRRADIATION 

1.38 

3.67 

11.8 

0.17 

0.31 

0.69 

0.05 

- 

0.10 

3.38 

2.31 

9.32 

1.1 

0.42 

0.79 

0.10 

0.10 

0.29 

5.38 

1.59 

8.13 

1.6 

0.65 

0.98 

w 

0.18 

0.12 

0.31 

7.38 

1.18 

7.38 

1.8 

0.81 

1.1 

- 

0.29 

0.13 

0.31 

9.38 

0.80 

6.89 

2.1 

0.98 

1.2 

0.08 

0.37 

0.12 

0.28 

11.38 

0.59 

6.24 

2.2 

1.1 

1.3 

0.08 

0.43 

0.11 

0.28 

13.38 

0.40 

6.00 

2.3 

1.1 

1.3 

0.10 

0.51 

0.12 

0.26 

15.38 

0.29 

5.69 

2.4 

1.2 

1.3 

0.10 

0.55 

0.11 

0.22 

25.78 

w 

5.03 

2.5 

1.3 

1.3 

0.19 

0.79 

0.04 

0.12 

35.78 

— 

4.72 

2.5 

1.3 

1.3 

0.27 

0.94 

0.02 

0.08 

aLlghe  Intensity  corresponds  to  N02  p 
bAn  absorption  coefficient  of  18  cm-* 

- ~  1  n..lr  fU  kin 


cm  peak  of 


CH3N02  was  employed. 


hotolysis  rate  of  ~  0.45  min-*, 
atm-*  (Reference  68)  for  the  1590 


In  the  1000-1060  cm-*  region  which  Include  the  measurement  band  for 
NDMA.  The  detailed  concentration-time  data  are  given  in  Table  13  and 
Figure  35  shows  a  seml-logarlthmlc  plot  of  the  decay  of  NDMA  with  irradi¬ 
ation  time. 

Figure  35  shows  that  the  decay  of  NDMA  was  exponential  over  the  dura¬ 
tion  of  the  Irradiation  experiment,  with  a  decay  rate  of  0.175  ±  0.003 
min-*.  Based  on  (a)  absorption  coefficients  given  by  Lindley  (Reference 
16),  (b)  our  measured  spectral  distribution,  (c)  the  N02  photolysis  rate 
in  the  indoor  Teflon®  chamber,  (d)  currently  accepted  N02  absorption  coef¬ 
ficients  and  photodecomposition  quantum  yields  (Reference  40),  and  (e) 
assuming  the  photodecomposition  quantum  yield  of  NDMA  Is  1.0  at  all  wave¬ 
lengths  (Reference  67),  we  calculate  the  elementary  photodecomposition 
rate  of  NDMA  to  be  0.21  min-*.  (The  technique  for  this  calculation  is  the 
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Figure  34.  (a)  Infrared  Spectrum  of  (CH3>2NNO  and  O3  Mixture 

before  Irradiation  (Table  13),  and  (b)  at  t  = 

35.8  Minutes  of  Photolysis.  (c)  (Cl^^NNOj 
Reference  Spectrum.  Res  =  1  cm'1,  Pathlength  = 
68.3  m. 


same  as  used  by  Llndley  [Reference  16],  and  Is  hence  not  reproduced 
here.)  Thus  our  measured  photolysis  rate  is  within  the  experimental 
errors  of  that  calculated,  and  hence  supports  the  assumption  that  the 
primary  quantum  yield  of  NDMA  is  unity  at  all  wavelengths  >  290  nm. 

The  observed  products  account  for  ~90%  of  the  carbon  and  ~95%  of  the 
nitrogen  in  the  initial  NDMA,  with  "-63Z  of  each  being  contained  in  the 
major  product,  EMN.  DMN  is  expected  to  be  formed  from  the  reaction  of  the 
dimethylamlno  radical  with  NO2,  the  latter  resulting  from  the  reaction  of 
NO  with  O3: 

M 

(CH3)2N*  +  N02  >  (CH3)2N-N02  (72a) 

Llndley,  et  al.  (References  16,  68)  observed  that  when  dimethylamlno  radi¬ 
cals  are  formed  in  air,  monomethylmethyleneamlne  formation  will  also  occur 


via  the  following  reactions! 

(ch3)2n*  +  no2 

♦  HONO  +  CH3-N-CH2 

(72b) 

(ch3)2n*  +  o2 

♦  ho2  +  ch3-n-ch2 

(73) 

Based  on  k72b^k72a  an<*  ^73^728  rate  constant  ratios  of  (0.22  ±  0.04)  and 
(3.9  ±  0.3)  x  10-7,  respectively,  as  given  by  Llndley,  et  al.  (Reference 
68)  and  using  the  average  NO2  level  observed  in  our  experiment,  we  predict 
an  ~65Z  yield  of  DMN  in  our  experiment,  in  excellent  agreement  with  the 
observed  yield  of  63Z  yield.  Thus,  it  appears  that  the  dimethylamino 
radical  reacts  only  via  reactions  (72)  and  (73)  in  our  system,  and  we  can 
conclude  that  if  the  dimethylamino  radical  reacts  with  0j,  the  rate  con¬ 
stant  must  be  at  least  ~100  times  slower  than  that  for  its  reaction  with 

no2. 

The  fact  that  monomethylmethyleneamlne  is  not  observed  in  our  experi¬ 
ment  can  be  attributed  to  the  fact  that  it  probably  reacted  with  O3.  In 
particular,  such  a  reaction  can  account  for  the  observed  formation  of  HCH0 
and  CH3N02: 
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(53) 


M 

OH  +  N02  ♦  HN03 

Thus,  all  of  the  products  and  Intermediates  observed  In  the  present 
NDMA/Oj  photolysis  experiment  can  be  accounted  for*  This  supports  the 
validity  of  the  mechanism  proposed  above  for  this  system. 
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SECTION  IV 

CONCLUSIONS  AND  RECOMMENDATIONS 


4.1  SUMMARY  OF  RESULTS  AND  CONCLUSIONS 

The  experiments  described  In  this  report  have  resulted  In  a  greatly 
Increased  data  base  concerning  the  atmospheric  reactions  of  hydrazines  and 
their  major  oxidation  products.  In  particular.  Information  has  been 
obtained  concerning  the  reactions  of  hydrazine,  monomethylhydrazlne,  and 
unsymmetrical  dlmethylhydrazlne  with  ozone  under  a  wider  variety  of  condi¬ 
tions  than  has  previously  been  available.  These  experiments  have  also 
resulted  in  the  characterization  of  the  behavior  of  a  number  of  products 
In  these  chemical  systems.  We  have  shown  that  these  hydrazines  undergo 
reactions  at  significant  rates  with  nitrogen  dioxide,  nitric  acid,  and 
formaldehyde  when  present  at  ppm  levels  In  air.  A  quantitative  determina¬ 
tion  of  the  major  atmospheric  sink  processes  of  N-nitrosodlmethylamlne  and 
dlmethylnltramine,  both  Important  oxidation  products  of  unsymmetrical 
dlmethylhydrazlne,  have  been  obtained.  Additionally,  data  concerning  the 
dark  decay  behavior  of  the  hydrazines  in  large  Teflon®  reaction  chambers 
have  been  expanded. 

The  major  purpose  of  the  experimental  program  whose  results  are  des¬ 
cribed  in  this  report  was  to  elucidate  the  detailed  chemical  mechanisms 
for  the  major  atmospheric  reactions  of  the  three  hydrazine  fuels 
studied.  In  this  regard,  this  study  has  had  mixed  success.  The  mechan¬ 
isms  for  the  reactions  of  UDMH  with  NO2,  the  reactions  of  the  hydrazines 
with  HNO3,  and  of  the  photolysis  of  N-nitrosodlmethylamlne  appear  to  be 
well  established  as  a  result  of  this  investigation.  In  addition,  the  rate 
constants  for  the  reaction  of  OH  radicals  with  dlmethylnltramine  and  N- 
nltrosodlmethylamine  were  measured  under  atmospheric  conditions.  These 
data  Indicate  that  our  previously  proposed  mechanism  (Reference  3)  for  the 
reactions  of  and  MMH  with  ozone  are  probably  largely  correct, 

although  significant  uncertainties  still  remain.  On  the  other  hand,  our 
new  and  more  extensive  data  concerning  the  reaction  of  UDMH  with  ozone, 
whose  mechanism  we  previously  thought  to  be  relatively  straightforward 
(References  3,  10,  39),  cannot  be  explained  in  terms  of  any  reasonable 
mechanism  we  can  devise.  Likewise,  there  are  major  uncertainties  In  the 
mechanisms  for  the  reactions  of  N0X  with  NjH^  and  Mffl.  In  addition,  the 
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reactions  of  N2H^  and  UDMH  with  formaldehyde  are  either  very  complex  or 
heterogeneous. 

In  the  following  sections,  the  results  and  conclusions  from  the  spe¬ 
cific  systems  studied  are  summarized,  and  several  recommendations  for 
future  research  are  given. 

4.1.1  Dark  Decay  of  the  Hydrazines 

When  present  at  ppm  levels  in  air,  N2H^,  MMH,  and  UDMH  all 
undergo  dark  decays  at  measurable  rates  in  the  large-volume  Teflon^  cham¬ 
bers  (3800  1  and  6400  £)  employed,  N-jH^  decayed  about  three  times  faster 
than  MMH,  while  MMH  decayed  about  10-20  times  faster  than  UDMH.  These 
decay  rates  approximately  doubled  when  the  chamber  volume  was  cut  in  half 
and  the  chamber  surface  characteristics,  as  modified  by  hydrazine  "condi¬ 
tioning,"  had  a  significant  effect  on  decomposition  rate.  The  measured 
decay  rates  increased  significantly  with  humidity,  with  N2H^  and  MMH 
decaying  50Z-100Z  faster  at  ~50Z  RH  than  at  ~20Z  RH,  and  UDMH  decaying  ~5 
times  faster  at  ~50Z  RH.  Some  diazene  or  methyldlazene  was  observed  in 
the  decomposition  of  N2H^  and  respectively,  together  with  production 

of  NHj.  For  UDMH,  only  trace  amounts  of  NHj  were  observed.  Hydroxyl 
radicals  are  apparently  not  Involved  in  the  dark  decays  of  these  hydra¬ 
zines.  There  was  no  definitive  evidence  for  synergistic  effects  when  UDMH 
and  n2h4  were  present  together  in  our  chamber,  though  the  UDMH  decay  rate 
may  be  enhanced  slightly.  The  mechanism  of  the  dark  decays  of  these 
hydrazines,  which  is  undoubtedly  heterogeneous  in  nature,  remains  largely 
unknown  at  this  time. 

4.1.2  Reactions  of  Hydrazines  with  Ozone 

The  initial  reaction  of  82^4  wlth  O3  has  an  estimated  rate 
constant  of  ~3  x  10-*^  cm^  molecule-*  sec-*.  This,  however,  is  considered 
to  be  an  upper  limit  because  the  intermediates  Involved  react  at  signific¬ 
ant  rates  with  both  N2H^  an<*  O3’  We  were  not  successful  in  obtaining 
quantitative  information  concerning  the  initial  O3  +  IMH  and  O3  +  UDMH 
rate  constants,  as  they  are  too  fast  (>  10-*^  cm*  molecule-*  sec'  _1)  to 
measure  by  the  techniques  employed. 

The  assumption,  based  on  mechanistic  grounds,  made  in  our  previous 
report  (Reference  3)  that  hydroxyl  radicals  are  involved  in  the  mechanisms 
of  reaction  of  N2H^,  ttffl,  and  UDMH  with  O3  has  been  experimentally  veri¬ 
fied.  Organic  tracers  which  react  only  with  OH  radicals,  when  added  to 
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the  Oj  +  hydrazine  reaction  mixtures ,  are  observed  to  decline,  with  the 
largest  decline  resulting  when  Oj  Is  In  excess*  Also,  the  presence  of  a 
large  excess  of  an  OH  radical  trap  resulted  in  significant  changes  in 
reactant  stoichiometries  in  the  Oj  +  N2H^  and  Oj  +  MMH  systems,  and  In 
changes  in  product  yields  for  all  three  hydrazines. 

The  formation  of  diazene  (N2H2)  in  the  03  +  N2H4  system,  postulated 
on  mechanistic  grounds  in  our  previous  report  (Reference  3),  has  been  con¬ 
firmed  by  direct  observation  of  its  infrared  spectrum.  It  has  also  been 
confirmed  that  it  reacts  rapidly  (k  >  10-*^  cm"*  molecule-*  sec-*)  with  O3, 
as  predicted. 

The  products  observed  in  the  MMH  +  O3  system  (CH3NNH,  CH2N2,  HCHO, 
H202,  CH^OH,  CO,  HCOOH,  NH3  and  NjO)  were  the  same  as  reported  previously, 
but  more  quantitative  information  concerning  their  yields  (particularly, 
estimates  of  the  absolute  yields  of  CH^NNH)  are  available  from  thlB 
study.  We  believe  that  the  major  products  formed  in  this  system  have  been 
identified. 

Most  of  the  major  products  formed  in  the  O3  +  UDMH  reaction  have  also 
been  identified.  As  reported  previously,  the  major  product  is  N-nltroso- 
dlmethylamine,  but  formation  of  lesser  (but  non-negligible)  yields  of 
CH^NNH,  HCHO  and  CH3OOH  are  also  observed  in  the  present  study.  This  is 
the  first  reported  observation  of  CH3NNH  and  CH3OOH  in  the  O3  +  UDMH 
system.  The  formation  of  these  fragmentation  products,  which  are  suppres¬ 
sed  by  the  presence  of  the  radical  trap,  are  accounted  for  by  the  OH  + 
UDMH  reaction  proceeding  to  an  appreciable  extent  via  abstraction  from  C-H 
bonds  (as  opposed  to  abstraction  from  the  weak  N-H  bonds). 

The  dependence  of  product  yields,  reactant  stoichiometries,  and  reac¬ 
tion  rates  in  the  O3  +  hydrazine  systems  on  Initial  reactant  ratios  and  on 
the  presence  and  absence  of  the  radical  trap  have  been  determined  for  the 
first  time.  For  the  N2H^  +  O3  and  MMH  +  O3  systems,  where  the  stoichiom¬ 
etries  and  product  yields  depended  significantly  on  the  reaction  condi¬ 
tions,  the  results  were  largely  consistent  with  our  previously  proposed 
mechanism  (Reference  3),  except  for  the  observed  formation  of  diazomethane 
in  the  presence  of  the  radical  trap  (see  below).  On  the  other  hand,  the 
fact  that  the  addition  of  the  radical  trap  does  not  significantly  change 
the  ~3:2  OjsUDMH  reactant  stoichiometry  (which  is  Independent  of  initial 
reactant  ratios)  in  the  UDMH  system,  despite  evidence  for  formation  of 
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hydroxyl  radicals  la  chat  system,  Is  totally  Inconsistent  with  our  previ¬ 
ously  assumed  mechanism*  At  present  we  are  unable  to  devise  a  UDMH  +  O3 
mechanism  which  is  consistent  with  all  of  the  new  data* 

Although  the  O3  +  NjH^  and  O3  +  MMH  mechanisms  presented  previously 
are  for  the  most  part  consistent  with  the  new  data  obtained  in  this  study, 
the  results  could  be  equally  well  explained  by  assuming  a  different  ini¬ 
tial  reaction  pathway  than  previously  assumed  (l*e*,  N-oxide  formation, 
followed  by  rearrangement  and  decomposition  to  H20  and  N2H2,  r*ther  than  H 
atom  abstraction  forming  OH,  O2,  and  N2H3  as  previously  adopted).  Thus 
the  exact  mode  of  the  initial  O3  +  hydrazine  reaction  is  still  unknown. 

An  exploratory  experiment  performed  by  reacting  N2H4  with  O3  in  N2 
rather  than  in  air  clearly  indicates,  aa  predicted,  that  02  is  involved  in 
the  reaction  mechanism*  The  rates  of  reaction  and  amounts  of  O3  consumed 
were  enhanced  when  02  was  low,  and  it  la  presumed  that  the  reaction  of  O3 
with  hydrazyl  radicals  (I^Hj)  becomes  important  under  these  conditions* 
Other  reactions  of  NjHj  radicals,  such  as  self -reaction  or  reaction  with 
H02,  may  also  be  important  in  that  system,  but  their  rate  constants,  and 
thus  their  significance,  are  presently  unknown. 

The  observed  formation  of  diazomethane  from  the  MMH  +  O3  system  in 
larger  yields  in  the  presence  of  the  radical  trap  than  in  its  absence  is 
inconsistent  with  our  previously  assumed  mechanism  that  CH2n2  is  formed 
from  a  reaction  of  OH  radicals  with  CH3NNH.  The  n a*  data  are  more  consis¬ 
tent  with  CH2n2  being  formed  from  a  reaction  of  O3  (probably  with  CH3NNH) , 
but  its  exact  mode  of  formation  is  still  highly  uncertain* 

One  exploratory  experiment  was  performed  in  which  O3  was  reacted  with 
Aerozine-50,  an  equimolar  mixture  of  N2H4  and  UDMH.  The  results  were 
entirely  consistent  with  the  results  of  experiments  where  these  two  hydra¬ 
zines  were  reacted  separately*  There  was  no  evidence  for  synergistic 
effects  in  this  system,  other  than  the  gradual  formation  of  formaldehyde 
hydrazone  from  the  reaction  of  the  remaining  N2H^  with  formaldehyde,  an 
oxidation  product  of  UDMH  (see  below) * 

4.1*3  Reactions  of  Hydrazines  with  Oxides  of  Nitrogen 

All  three  hydrazines  studied  were  observed  to  react  at  signi¬ 
ficant  rates  in  the  gas  phase  with  N02»  with  apparent  upper  limit  rate 
constants  of  -2.5  x  10”^  cm^  molecule-*  sec-*  for  N02  +  N2H^,  -3  x  10“*® 
cm^  molecule-*  sec-*  for  N02  +  MMH,  and  -2  x  10-*^  cm^  molecule-*  sec”* 
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for  NO2  +  UDMH.  None  of  these  hydrazines  reacted  with  NO  alone  at  measur¬ 
able  rates,  although  some  NO  was  consumed  when  NOj  and  the  hydrazines 
reacted  In  Its  presence. 

The  reaction  of  NO2  with  N2H4  resulted  In  the  formation  of  high 
yields  of  HONO,  hydrazlnium  nitrate,  dlazene  (In  excess  N2H4  only),  and 
traces  of  N2O  and  NHjj  when  NO  was  present,  some  NO  was  converted  to 
N02*  Analogous  products  were  formed  when  NO2  and  MMH  reacted,  namely  HONO 
(In  high  yields),  monomethylhydrazlnlum  nitrate,  methyldlazene,  and 
methylhydroperoxlde  (In  excess  MMH  only)  as  well  as  traces  of  methanol, 
N2O,  and  NH3.  In  addition,  in  the  MMH  +  NO2  system,  two  unknown  products 
were  observed,  and  peroxynltrlc  acid  was  formed  as  a  transient  Intermedi¬ 
ate  In  the  absence  of  NO,  indicating  the  Intermediacy  of  HO2  radicals.  In 
both  cases,  the  reactant  stoichiometry  and  product  yields  were  highly 
dependent  on  reaction  conditions.  The  initial  reaction  is  probably  hydro¬ 
gen  atom  abstraction  from  the  hydrazine  by  NO2  forming  HONO  ant.  a  hydrazyl 
radical,  with  the  latter  subsequently  reacting  with  02  to  form  H02  and  the 
corresponding  dlazene.  Dlazene  and  methyldlazene  apparently  react  with 
N02.  with  the  reaction  of  the  former  probably  being  faster.  However,  the 
mechanism  of  these  reactions  Is  highly  uncertain  since  we  are  unable  to 
reconcile  all  of  our  results  In  the  NO2  +  ^2^4  an<*  N®2  +  *****  systems  with 
a  reasonable  reaction  mechanism.  Particular  uncertainties  concern  the 
fates  of  HO 2  and  CH^02  radicals  in  these  systems  (If  indeed  they  are  form¬ 
ed),  and  the  source  of  HNO3  which  Is  a  precursor  to  the  observed  nitrate 
salts  when  they  are  formed  In  the  absence  of  NO. 

In  contrast  to  the  NO2  +  ^H^  and  the  NO2  +  MMH  systems,  the  NO2  + 
UDMH  system  appears  to  be  much  simpler.  In  the  absence  of  NO,  the  only 
significant  products  formed  were  HONO  and  tetramethyltetrazene-2  (TMT) , 
with  the  reactant  stoichiometries  and  product  yields  indicating  the  over¬ 
all  reaction  to  be 

UDMH  +  2  N02  *2  HONO  +  0.5  TMT 

regardless  of  the  Initial  UDMH/NO2  ratio.  In  the  presence  of  NO,  the 
yields  of  TMT  were  lower,  and  an  unidentified  product,  believed  to  be  N- 
nitroso-N' ,N'-dlmethylhydrazlne,  as  well  as  N2O  and  traces  of  N-nltrosodl- 
methylamine,  were  formed.  These  products  are  entirely  consistent  with  a 
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relatively  straightforward  4-step  mechanism  (in  the  absence  of  NO)  involv¬ 
ing  the  initial  formation  of  N,N-dimethylhydrazyl  radicals,  which  react 
with  N02  to  form  N-nitro-N' ,N'-dimethylhydrazine.  The  latter  nitrohydra- 
zine  then  undergoes  rearrangement  and  decomposition  to  form  the  charge- 
separated  intermediate  (CH2)2N-N,  which  subsequently  dimerizes  to  form  the 
observed  tetrazene.  When  NO  is  present,  it  could  react  with  the  hydrazyl 
radical  to  form  the  nltrosohydrazlne,  with  the  latter  undergoing  a  second¬ 
ary  reaction  with  N02  Co  ultimately  give  rise  to  N20  and  N-nltrosodl- 
methylamlne. 

4.1.4  Reactions  of  Hydrazines  with  Formaldehyde 

When  N2H^  or  UDMH  was  mixed  with  formaldehyde  in  the  gas 
phase,  consumption  of  the  hydrazine  and  HCHO,  with  1:1  stoichiometry,  and 
formation  of  the  corresponding  formaldehyde  hydrazone  [H2NN-CH2  or 
(CHj) 2NN-CH21  occurred.  In  the  N2H^  +  HCHO  system,  a  transient  interme¬ 
diate,  which  may  be  NH2NHCH2OH,  was  formed;  no  similar  intermediate  was 
evident  in  the  UDMH  +  HCHO  experiments.  In  both  systems,  the  concentra¬ 
tion-time  profiles  of  the  reactants  were  not  consistent  with  the  reactions 
being  a  simple  second  order  process.  The  mechanism  of  these  reactions  are 
unknown;  they  are  either  primarily  heterogeneous  or  fairly  complex. 

4.1.5  Reactions  of  Hydrazines  with  Nitric  and  Nitrous  Acids 

N2H^,  MMH,  and  UDMH  reacted  with  HNOj  in  the  gas  phase  to  form 
the  corresponding  hydrazlnium  nitrate  aerosol  at  a  rate  which  was  too  fast 
to  measure  by  our  method  (l.e.,  >  10-*^  cm"*  molecule**'  sec-*).  The  stoi¬ 
chiometry  was  1:1,  indicating  that  only  the  monobasic  salt  was  formed.  On 
Che  other  hand,  no  evidence  was  obtained  for  a  similar  gas  phase  reaction 
between  HONO  and  these  hydrazines,  indicating  that  HONO  is  probably  too 
weak  an  acid  to  react  in  this  manner. 

4.1.6  The  Atmospheric  Reactions  of  N-Nltrosodlmethylamlne  and 

Dlmethylnltramlne 

The  rate  constant  for  the  reaction  of  hydroxyl  radicals  with 
dlmethylnltramlne  was  measured  to  be  (4.8  ±  0.7)  x  10-*2  cm^  molecule-* 
sec-*,  and  an  estimate  for  the  OH  +  N-nltrosodimethylamlne  rate  constant 
of  -(2  ±  1)  x  10-*2  cm^  molecule-*  sec-*  was  obtained.  These  reactions 
are  significantly  slower  than  expected  based  on  analogous  reactions  of  the 
simple  alkylamlnes.  Reaction  with  OH  radicals  is  probably  the  major 


144 


simple  alky lamlnes •  Reaction  with  OH  radicals  Is  probably  the  major 
atmospheric  sink  for  dlmethylnltramlne,  and  our  result  Indicates  a  tropos¬ 
pheric  half  life  of  approximately  two  days  for  this  compound* 

The  major  atmospheric  sink  for  N-nltrosodlmethylaaine  (NDMA)  is 
probably  photolysis,  since  Its  rate  of  removal  by  this  process  Is  calcu¬ 
lated  to  be  over  three  orders  of  magnitude  higher  than  Its  rate  of  removal 
by  reaction  with  OH  radicals  under  tropospheric  conditions.  The  fact  that 
the  photodlsaoclatlon  of  MDMA  occurs  with  a  quantum  yield  of  1.0  (±  ''BOX) 
was  confirmed  In  experiments  in  which  NDMA  was  photolyzed  in  the  presence 
of  O3.  Since  0j  rapidly  reacts  with  NO,  it  prevented  nltrosamlne  regener¬ 
ation  due  to  recombination  of  NO  with  dime thy lamlno  radicals. 

When  NDMA  was  photolyzed  In  the  presence  of  ozone  (a  situation  which 
could  occur  If  NDMA  was  emitted  or  formed  In  either  clean  or  polluted 
atmospheres),  dlmethylnltramlne,  HCHO,  HNO^,  NO2,  CO,  and  ^0^  and  traces 
of  nltromethane  (CHjNt^)  were  formed.  The  formation  and  relative  yields 
of  these  products  are  consistent  with  the  mechanism  and  relative  rate 
constants  for  the  reaction  of  dimethy lamlno  radicals  with  02  and  N0X  as 
determined  by  Llndley,  et  al.  (Reference  68),  provided  It  Is  assumed  that 
CH2“N-CHj,  formed  from  the  reaction  of  (CH-j^N  with  O2.  reacts  rapidly 
with  O3  to  form  formaldehyde  and  CH3NO2.  These  results  also  Indicate  that 
the  reaction  of  dimethy lamlno  radicals  with  O3  must  be  at  least  ~100  times 
slower  than  Its  reactions  with  N02> 

The  rates  of  reactions  of  both  N-nltrosodlmethylamlne  and  dlmethylnl- 

—20  3 

tramlne  with  O3  have  been  shown  to  be  negligible  ( <  3  x  10  cm  mole¬ 
cule-^  sec-*)  under  atmospheric  conditions.  In  addition,  no  appreciable 
dark  decay  of  these  compounds  In  air  could  be  detected. 

4.2  RECOMMENDATIONS  FOR  FUTURE  RESEARCH 

A  major  conclusion  which  can  be  drawn  from  the  results  of  this  study 
is  that  the  three  hydrazines  Investigated  and  some  of  their  oxidation 
products  are  extremely  labile,  and  that  they  undergo  a  wide  variety  of 
reactions.  Involving  In  some  cases  very  complex  reaction  mechanisms. 
Although  our  studies  have  elucidated  some  aspects  of  these  mechanisms,  the 
number  of  remaining  uncertainties  Is  considerable,  and  much  more  research 
of  a  fundamental  nature  is  required  before  we  can  obtain  a  satisfactory 
understanding  of  the  atmospheric  reactions  of  these  amine  fuels,  as  well 
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as  of  ocher  labile  nitrogen-containing  organics.  Some  suggestions 
concerning  the  more  significant  areas  where  research  Is  needed  are  Indi¬ 
cated  below. 

4.2.1  Atmospheric  Reactions  of  Other  Hydrazines 

Information  Is  required  concerning  the  reactions  of  hydrazines 
other  than  MMH  and  UDMH.  In  particular,  studies  of  tetramethyl- 
hydrazlne  (TTMH) ,  trlmethylhydrazlne  (TMH),  and  symmetrical  dlmethylhydra- 
zlne  (SDMH)  would  be  very  useful  In  elucidating  the  general  hydrazine 
reaction  mechanisms.  For  example,  It  would  be  of  Interest  to  determine 
hew  reactive  tetramethylhydrazine  Is  relative  to  the  other  hydrazines.  If 
the  Initial  reaction  of  O3  with  hydrazines  Is  abstraction  from  the  N-H 
bonds,  then  tetramethylhydrazine  would  not  react  with  O3,  whereas  if  the 
reaction  proceeds  via  0-atom  transfer,  rapid  reaction  and  formation  of  a 
stal le  N-oxlde  may  well  occur.  In  addition,  our  current  mechanism  for  the 
Initial  reactions  of  NO2  with  hydrazine  predicts  that  tetramethylhydrazine 
would  not  react  with  NO2,  but  this  needs  to  be  experimentally  verified. 
Similarly,  one  might  expect  that  formaldehyde  would  not  react  with  tetra¬ 
methylhydrazine,  but,  to  our  knowledge,  this  has  never  been  studied. 

Trlmethylhydrazlne  would  also  be  an  extremely  Interesting  molecule  to 
study.  It  probably  would  react  rapidly  with  O3  and  NO^,  and  may  possibly 
react  with  HCHO,  but  the  products  formed  would  depend  on  the  details  of 
the  Initial  reaction,  perhaps  to  a  greater  extent  than  those  formed  from 
N2H4,  MMH,  and  UDMH.  For  example,  If  hydrazyl  radical  formation  is 
involved  in  the  O3  +  hydrazine  mechanism,  formation  of  tetramethyltetra- 
zene  may  occur,  but  if  0-atom  transfer  occurred,  either  a  stable  hydroxyl- 
amine  or  perhaps  formaldehyde  dlmethylhydrazone  may  be  formed.  Trlmethyl- 
hydrazine  should  also  have  a  relatively  straightforward  mechanism  when 
reacted  with  NOj,  as  Is  apparently  the  case  for  UDMH. 

The  reactions  of  O3,  N0X>  and  HCHO  with  symmetrical  dlmethylhydrazlne 
should  also  be  studied,  though  complex  mechanisms  and  a  wide  variety  of 
(.roducts  (similar  to  those  from  MMH)  are  expected.  Studies  of  the  reac¬ 
tions  of  these  three  additional  alkylhydrazines  would  undoubtedly  supple¬ 
ment  our  present  understanding  of  the  reactions  of  the  three  hydrazines 
studied  in  this  program,  and  would  be  particularly  helpful  In  reducing  the 
number  of  possible  alternative  mechanisms. 
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4.2.2  Effect  of  0^  on  Gas  Phase  Reactions  of  the  Hydrazines 

The  exploratory  hydrazine  +  0j  experiment  conducted  In  N2 
rather  than  air  turned  out  to  be  useful  in  elucidating  the  role  of  O2  in 
that  mechanism.  If  a  wider  variety  of  such  experimental  data  became 
available,  Involving  varying  O2  levels,  radical  traps,  initial  reactant 
ratios,  etc.,  it  might  be  possible  to  develop  an  unambiguous  mechanism  for 
the  0^  +  system.  Such  experiments  should  be  carried  out  not  only  for 

but  for  all  five  of  the  above-named  alkylhydrazines  as  well.  For 
UDMH,  TMH,  and  TTMH,  one  might  expect  no  effect  for  O2,  but  this  needs  to 
be  experimentally  verified. 

The  effect  of  reduced  O2  levels  on  the  hydrazine  +  NO2  and  the  hydra¬ 
zine  +  formaldehyde  systems  should  also  be  Investigated.  One  would  expect 
02  to  have  a  significant  effect  on  the  reactions  of  NO2  with  MMH, 

and  SDMH,  but  not  on  the  NO2  +  UDMH  and  NO2  +  TMH  systems  or  the  reactions 
of  formaldehyde  with  the  hydrazines;  hcwever,  experimental  verification  Is 
needed. 

4-2.3  Additional  Tracer  and  Radical  Trap  Experiments 

The  role  of  radicals  in  the  N02  +  hydrazine  systems  Is  highly 
uncertain,  and  could  be  elucidated  by  experiments  to  determine  the  effects 
of  radical  traps  and  to  measure  radical  levels  by  the  use  of  tracers. 
(Tracer  experiments  may  be  more  difficult  In  the  hydrazine  +  NC>2  studies 
than  in  the  hydrazine  +  systems,  because  OH  radical  levels  are  expected 
to  be  suppressed  in  the  NO 2  experiment  by  their  rapid  reactions  with  N02 
and.  If  present,  NO  and  thus  may  not  be  easy  to  measure.)  It  would  be 
particularly  useful  to  determine  If  the  radical  trap  suppresses  the 
formation  of  the  hydrazinlum  nitrates,  as  might  be  expected  if  HNO^  is 
formed  from  OH  +  NO 2* 

It  would  also  be  useful  to  perform  radical  trap  and  tracer  experi¬ 
ments  to  rule  out  the  possible  role  of  radicals  in  the  hydrazine  +  formal¬ 
dehyde  systems. 

4.2.4  Atmospheric  Reactions  of  Dlazo  Compounds 

Dlazo  compounds,  such  as  dlazene,  methyldiazene,  dlazomethane , 
etc.,  are  observed  Intermediates  In  the  reaction  of  the  hydrazines  with  O3 
and  N0X,  and  most  of  the  uncertainties  concerning  those  systems  involve 
reactions  of  these  Intermediates.  It  is  difficult  to  elucidate  unambigu¬ 
ously  their  reaction  mechanisms  when  they  are  formed  from  other  species, 


147 


since  their  reactions  are  secondary  processes;  they  should  be  studied  by 
themselves  In  the  absence  of  the  hydrazines  and  other  hydrazine  oxidation 
products.  In  particular,  the  mechanisms  and  products  of  the  reactions  of 
dlazene,  methy ldlazene  and  dlazomethane  with  OH  radicals,  0^,  and  NO2 

should  be  studied  for  a  variety  of  initial  reactant  concentrations,  at 
various  levels  of  O2,  and  (for  the  0^  and  NO2  reactions)  in  the  presence 
of  tracers  or  radical  traps. 

4.2.5  Additional  Studies  of  the  Reactions  of  Hydrazines  with 
Formaldehyde  and  Other  Oxygenates 

The  mechanisms  for  the  reactions  of  the  hydrazines  with 
formaldehyde  are  highly  uncertain,  and  additional  studies  are  required  to 
elucidate  them  and  to  determine  whether  the  hydrazines  also  react  with 
other  oxygenates  such  as  acetaldehyde,  glyoxal,  acetone,  formic  acid, 

etc.  Some  of  the  studies  mentioned  above,  i.e.,  radical  trap,  tracer, 
variable  O2  runs,  studies  with  other  hydrazines,  etc.,  may  be  useful  in 
this  regard,  but  probably  will  not  be  sufficient.  At  a  minimum,  the  pos¬ 
sibility  that  these  reactions  are  surface-dependent  must  be  investigated 
by  varying  the  nature  of  the  reaction  vessel  and  the  surface/volume 
ratio.  The  effect  of  varying  the  relative  humidity  should  also  be 
Investigated. 

4.2.6  Studies  of  the  Products  Formed  In  the  Reactions  of  Nltramlnes 
with  Hydroxyl  Radicals 

The  results  of  our  studies  indicate  that  the  major  atmospheric 
fate  of  dlraethylnitramine,  a  relatively  long-lived  oxidation  product  of 
UDMH,  is  via  reaction  with  the  hydroxyl  radical.  However,  due  to  the 
complicated  chemical  system  employed  in  the  OH  +  dimethy lnitramine  rate 

constant  experiment,  it  was  not  possible  to  obtain  reliable  identities  of 

the  products  specific  to  that  reaction.  Such  products  must  be  known 
before  the  ultimate  atmospheric  impact  of  releases  of  UDMH  and  similar 
compounds  can  be  assessed. 

4.2.7  Race  Constant  Measurements 

The  above  recommendations  concern  primarily  mechanistic  and 
product  studies.  However,  to  obtain  more  quantitative  information  regard¬ 
ing  these  systems,  and  to  eventually  be  able  to  predictively  model  the 
atmospheric  impacts  of  releases  of  these  compounds,  the  rate  constants  of 
the  Individual  reactions,  particularly  those  which  compete  with  other 
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processes,  must  be  measured-  Whenever  possible,  the  rate  constants  should 
be  measured  as  a  function  of  temperature,  so  the  Arrhenius  parameters  can 
be  determined.  In  this  regard,  it  would  be  of  interest  to  know  whether 
the  Oj  +  reaction  has  an  A-factor  which  is  anomalously  low,  like  that 
for  O3  +  HO2,  which  may  or  may  not  be  an  analogous  process  (see  Section 
3. 3. 6. 7). 

A  partial  list  of  reactions  for  which  kinetic  information  needed  are: 

1)  Absolute  rate  constants  of  the  elementary  reactions  of  hydrazine 
and  all  five  methylhydrazines  with  O3  and  NO2  still  need  to  be  determin¬ 
ed.  Experience  with  this  program  has  shown  that  it  is  difficult  to  elimi¬ 
nate  secondary  reactions,  and  novel  techniques  should  be  devised. 

2)  Rate  constants  for  reactions  of  hydrar/1  radicals,  both  unsubsti¬ 
tuted  and  methyl-substituted,  with  02»  NO,  PJy*  H0 ^ >  and  with  themselves 
need  to  be  determined.  If  it  is  not  feasible  to  do  absolute  rate  constant 
measurements,  relative  rate  constants  may  be  sufficient  for  kinetic  model 
development. 

3)  It  would  be  of  interest  to  determine  the  rate  constant  for  the 
reactions  of  H02  with  the  hydrazines  and  their  various  dlazo  interme¬ 
diates.  If  such  reactions,  which  are  expected  to  be  exothermic,  are 
important,  the  0^  +  hydrazine  mechanisms  would  be  completely  different 
than  those  proposed  in  this  and  our  previous  reports. 

4)  The  absolute  rate  constants  for  the  reactions  of  OH  and  with 
dlazo  compounds  should  be  measured  in  systems  less  likely  to  have  second¬ 
ary  reactions  than  those  employed  in  this  study. 

5)  A  better  determination  of  the  OH  +  N-nltrosodimethylamlne  rate 
constant  than  that  reported  in  Section  3.7.2  would  be  of  Interest  for 
theoretical  reasons. 

6)  Also  of  theoretical  interest  would  be  the  rate  constants  for  the 
gas  phase  reactions  of  HNO3  with  the  hydrazines  (and  indeed  with  other 
amines).  In  terms  of  atmospheric  implications,  the  relative  rate  con¬ 
stants  for  the  reactions  of  MMH  and  UDMH  with  0j  ar.J  HNOj  should  be  deter¬ 
mined.  Since  reactions  of  these  hydrazines  with  both  0j  and  HNO^  are  too 
fast  to  measure  in  our  system,  it  is  unclear  which  will  be  more  Important 
in  consuming  these  hydrazines  if  they  are  emitted  into  a  polluted  atmos¬ 
phere  containing  both  species. 
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4.2.8  Health  Effects 


The  hydrazines  themselves  and  some  of  their  oxidation  products 
observed  in  this  study  are  already  known  to  be  highly  toxic.  The  forma¬ 
tion  of  a  nitrosamlne,  a  known  carcinogen,  from  UDMH  is  of  particular 
concern.  However,  the  health  effects  of  some  other  products  are  not  as 
well  characterized.  In  particular,  more  studies  of  the  health  effects  of 
nltramlnes  are  indicated,  since  our  experiments  have  shown  that  these 
compounds  have  significantly  longer  atmospheric  lifetimes  than  the  hydra¬ 
zines  themselves  or  their  more  toxic,  but  also  more  labile,  products. 

4.2.9  Summary  of  Recommendations 

The  preceedlng  list  of  suggested  research  topics,  which  is  by 
no  means  exhaustive,  clearly  represents  a  major  research  effort  which 
would  take  a  number  of  years  to  complete.  Indeed,  when  compared  with  this 
list  of  research  tasks,  the  efforts  described  in  this  and  our  previous 
report  (Reference  3),  although  substantial,  must  be  considered  relatively 
modest.  However,  the  results  of  these  proposed  studies  would  have  signi¬ 
ficance  far  beyond  our  present  concern  for  the  atmospheric  impacts  of  the 
releases  of  the  hydrazine  fuels  currently  in  use.  Specifically,  the 
resulting  improvement  in  our  understanding  of  the  fundamental  gas  phase 
chemistry  of  these  and  related  labile  nitrogen-containing  compounds  would 
represent  a  significant  advance  in  our  ability  to  predict  the  gas  phase 
reactions  of  a  wide  variety  of  chemical  systems.  These  would  include  many 
which  have  not  been  previously  studied,  but  which  may  be  of  scientific, 
economic  or  military  Importance,  as  well  as  those  systems,  such  as  the 
atmospheric  reactions  of  hydrazine  fuels,  which  must  be  adequately  under¬ 
stood  if  we  are  to  protect  the  environment  and  human  health. 
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APPENDIX  A 


DETAILED  DATA  TABULATIONS  FOR  THE  OZONE  +  HYDRAZINE  CHAMBER  EXPERIMENTS 

The  detailed  concentration-time  data  for  the  ten  environmental  cham¬ 
ber  experiments  in  which  O3  was  reacted  with  N2H4  are  given  in  Tables  A-l 
through  A-10.  The  results  of  these  experiments  are  discussed  in  detail  in 
Section  3.3*2. 


TABLE  A- 1 .  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIKE  IN  N2H4  +  0, 
DARK  REACTION:  EXCESS  INITIAL  HYDRAZINE  (T  -  22°C,  RH  -  16X; 
3800  l  CHAMBER;  RES  -  1  CM-1,  PATHLENGTH  -  68.3  M) . 


_ Concentration  (ppm) _  Absorbance  at 

Elapsed  Time  1276.7  cm-*  (Q) 


(min) 

n2h4 

°3 

H2O2 

nh3 

n2o 

n2h2 

-16 

18.4 

0.09 

-6 

18.0 

0.12 

0 

5.0 

(calc'd , 

1st  Injection) 

0.38 

15.9 

2.44 

1.1 

0.15 

_ 

0.042 

1.38 

12.5 

0.76 

2.9 

0.20 

- 

0.060 

2.38 

11.6 

0.30 

3.3 

0.21 

_ 

0.052 

3.38 

11.3 

0.08 

3.5 

0.24 

- 

0.048 

4.38 

11.1 

- 

3.5 

0.23 

- 

0.045 

5.38 

11.1 

- 

3.6 

0.25 

- 

0.041 

7.78 

10.8 

- 

3.3 

0.24 

0.041 

11.0 

25.3 

(calc'd. 

2nd  injection) 

11.38 

2.36 

12.7 

5.9 

0.45 

0.23 

0.035 

12.38 

- 

12.1 

6.8 

0.53 

0.29 

- 

13.38 

- 

11.9 

6.7 

0.51 

0.30 

- 

14. 3i’ 

- 

11.8 

6.6 

0.49 

0.32 

- 

15.38 

- 

11.8 

6.5 

0.46 

0.30 

- 

16.38 

- 

11.7 

6.5 

0.42 

0.31 

- 

18.78 

- 

11.6 

6.3 

0.36 

0.32 

- 

0.035 


TABLE  A-2.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  NjH^  +  O3  DARK  REACTION:  ORGANIC  TRACERS® 
EXCESS  HYDRAZINE  (T  -  20°C,  RH  -  25Z;  3800  1  CHAMBER;  RES  -  1  CM  ,  PATHLENGTH  -  68.3  M) . 


ADDED; 


Elapsed  Time 
(min) 

Concentration 

(ppm) 

Absorbance 
1276.7  cm-1 

n2h2 

at 

(Q) 

Tracer 

Data 

n2h4 

03 

H2°2 

NH3 

n2o 

GC  Sampling 
Time  (min) 

in 

[octane] 

-39 

13.5 

0.06 

-24 

-0.323 

-8 

12.3 

0.08 

-16 

-0.322 

0 

3.5 

(calc'd) 

0.38 

11.2 

2.07 

0.51 

0.07 

_ 

0.026 

1.38 

9.27 

1.01 

1.8 

0.10 

- 

0.042 

2.38 

8.46 

0.45 

2.2 

0.12 

- 

0.037 

2 

-0.286 

3.38 

8.13 

0.23 

2.5 

0.12 

- 

0.034 

4.38 

8.08 

0.10 

2.7 

0.12 

- 

0.031 

5.38 

7.83 

- 

2.7 

0.13 

- 

0.029 

7.38 

7.61 

- 

2.7 

0.13 

- 

0.027 

9.38 

7.63 

- 

2.7 

0.13 

- 

0.022 

10 

-0.284 

11.38 

7.47 

- 

2.6 

0.13 

- 

0.023 

15.78 

7.24 

- 

2.4 

0.15 

- 

0.026 

17 

-0.287 

“Approximately  0.2  ppm  each  of  n-octane  and  hexamethylethane  (HME)  Injected  at  t  ■  -31  min. 
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TABLE  A-3.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  N2H4  +  03 
DARK  REACTION:  EQUIMOLAR  REACTANTS  (T  -  22°C,  RH  -  16Z; 

3800  l  CHAMBER;  RES  -  1  CM-1,  PATHLENGTH  -  68.3  M) . 


Elapsed  Time 
(min) 

n2h4 

Concentration 

03  ^2^2 

(PP") 

nh3 

n2o 

Absorbance 
1276.7  cm-1 

n2h2 

at 

(q: 

-13 

9.31 

0.20 

-6 

9.16 

0.21 

0 

10.2 

(calc'd) 

0.38 

5.1" 

5.75 

1.6 

0.29 

0.038 

1.38 

1.47 

2.86 

3.8 

0.37 

- 

0.027 

2.38 

0.69 

2.06 

4.2 

0.37 

- 

0.014 

3.38 

0.50 

1.65 

4.4 

0.39 

- 

0.008 

4.38 

0.32 

1.52 

4.4 

0.39 

- 

0.006 

5.38 

- 

1.33 

4.5 

0.39 

- 

0.004 

7.38 

- 

1.24 

4.5 

0.44 

- 

- 

9.38 

- 

1.12 

4.5 

0.43 

- 

- 

11.38 

- 

1-04 

4.4 

0.43 

- 

- 

13.38 

- 

1.00 

4.4 

0.44 

- 

- 

15.78 
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0.99 

4.3 

0.45 

- 
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TABLE  A-5.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  N2H4  +  0? 
DARK  REACTION:  EXCESS  OZONE  (T  -  21°C,  RH  -  19Z;  3800  i  CHAMBER; 
RES  =  I  CM-1,  PATHLENGTH  -  68.3  M) . 


_ Concentration  (ppm) _  Absorbance  at 

Elapsed  Time  1276.7  cm"*  (Q) 


(min) 

n2h4  o3 

h2o2 

nh3 

n2o 

N2h2 

-20 

16.7 

-15 

16.6 

0 

4.3  (calc'd) 

0.38 

0.56  13.0 

0.91 

0.12 

_ 

0.010 

1.38 

10.8 

1.7 

0.20 

0.03 

- 

2.38 

10.8 

1.7 

0.22 

<  0.07 

- 

3.38 

10.6 

1.7 

0.22 

0.05 

- 

4.38 

10.6 

1.6 

0.20 

0.06 

- 

5.38 

10.6 

1.6 

0.20 

0.06 

- 

7.78 

10.5 

1.5 

0.18 

0.06 

- 

11.78 

10.5 

1.5 

0.16 

0.06 

- 

15.78 

10.4 

1.5 

0.14 

0.07 

- 

162 
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TABLE  A-6. 


REACTANT  AND 
EXCESS  OZONE 


PRODUCT  CONCENTRATIONS  VS.  TIME  IN  N2H4  +  03  DARK  REACTION:  ORGANIC  TRACERS3  ADDED; 
(T  =  20°C,  RH  -  232;  3800  i  CHAMBER;  RES  -  1  CM-1,  PATHLENGTH  «  68.3  M) . 


Elapsed  Time 
(min) 

Concentration 

(ppm) 

Absorbance 
1276.7  cm-1 
n2h2 

at 

(Q) 

Tracer  Data 

n2h4 

°3 

h2o2 

nh3 

N20 

GC  Sampling 
Time  (min) 

1  [HME] 

[octane] 

-53 

16.3 

-34 

-0.126 

-20 

15.9 

-15 

-0.126 

0 

4.8 

(calc'd) 

0 

0.38 

1.07 

12.2 

1.1 

0.03 

0.04 

0.019 

1.38 

- 

9.07 

2.1 

0.09 

0.05 

0.005 

2.38 

- 

9.02 

2.0 

0.09 

0.05 

0.003 

2 

0.034 

3.38 

- 

8.94 

2.0 

0.10 

0,07 

<0.003 

4.38 

- 

8.96 

2.0 

0.08 

0.06 

- 

5.38 

- 

8.98 

1.9 

0.08 

0.05 

- 

6.38 

- 

8.83 

1.9 

0.06 

0.06 

- 

7.38 

- 

8.91 

2.0 

0.06 

0.07 

- 

9.38 

- 

8.87 

1.8 

0.04 

0.06 

- 

10 

0.141 

11.38 

- 

8.83 

1.8 

0.03 

0.06 

- 

19.78 

8.80 

1.7 

— 

0.07 

“ 

18 

0.147 

approximately  0.2  ppm  each  of  n-octane  and  hexamethylethane  (HME)  injected  at  t  -  -40  min. 
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TABLE  A-7 •  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  N2H^  +  O3 
DARK  REACTION:  WITH  N-OCTANEa  AS  RADICAL  TRAP;  EXCESS  INITIAL  HYDRAZINE 
(T  -  22°C,  RH  -  162;  3800  l  CHAMBER;  RES  -  1  CM-1,  PATHLENGTH  =  68.3  M) . 


Elapsed  Time 
(min) 

n2h4 

Concentration 

O3  H202 

Jpp°o 

NH3 

n2o 

Absorbance 
1276.7  cm-1 

n2h2 

at 

(Q) 

-13 

17.3 

0.40 

-7 

17.0 

0.43 

0 

4.4 

(calc'd) 

0.38 

15.6 

2.77 

0.24 

0.45 

_ 

0.016 

1.38 

13.9 

1.38 

0.72 

0.43 

- 

0.025 

2.38 

13.2 

0.56 

0.81 

0.47 

- 

0.021 

3.38 

12.8 

0.26 

0.95 

0.54 

- 

0.021 

4.38 

12.6 

0.08 

1.1 

0.50 

- 

0.017 

5.38 

12.5 

<  0.07 

1.1 

0.49 

- 

0.019 

6.38 

12.5 

- 

1.1 

0.48 

- 

0.019 

7.38 

12.3 

- 

1.0 

0.49 

- 

0.017 

8.38 

12.3 

- 

1.0 

0.51 

- 

0.019 

9.38 

12.0 

- 

0.90 

0.53 

- 

0.020 

10.38 

12.0 

- 

0.93 

0.54 

- 

0.023 

13.78 

11.9 

- 

0.82 

0.53 

- 

0.023 

20.0 

26.1 

(calc'd) 

20.38 

7.86 

17.8 

0.58 

0.61 

— 

0.015 

21.38 

3.67 

13.8 

0.70 

0.63 

- 

0.005 

22.38 

2.01 

11.1 

0.68 

0.66 

- 

- 

23.38 

1.31 

9.73 

0.88 

0.66 

- 

- 

24.38 

0.76 

9.15 

0.  76 

0.68 

- 

- 

25.38 

0.54 

8.63 

0.94 

0.65 

- 

- 

28.78 

“ 

7.74 

0.90 

0.65 

” 

— 

Approximately  270  ppm  n-octane  was  Introduced  Into  the  chamber  before 
Injection  of  reactants. 
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TABLE  A-8.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  N2H4  +  O3 
DARK  REACTION:  WITH  N-OCTANE*  AS  RADICAL  TRAP;  EQUIMOLAR  REACTANTS 
(T  -  23°C,  RH  -  152;  3800  l  CHAMBER;  RES  -  I  CM-1,  PATHLENGTH  »  68.3  M) . 


Elapsed  Time 
(min) 

1276.7 

n2h4 

Concentration 

cm-1  (Q) 

O3  ^2^2 

(PPm> _ 

nh3 

n2o 

Absorbance  at 

n2h2 

-16 

10.3 

-6 

10.3 

- 

0 

10.0  (calc'd) 

0.38 

8.75 

7.01 

0.06 

0.08 

0.007 

1.38 

6.56 

5.04 

0.27 

0.07 

- 

0.008 

2.38 

5.54 

3.29 

0.26 

0.07 

- 

0.003 

3.38 

4.91 

2.21 

0.43 

0.09 

- 

<  0.004 

4.38 

4.62 

1.72 

0.39 

0.09 

- 

- 

5.38 

4.26 

1.29 

0.53 

0.10 

- 

- 

7.38 

3.85 

0.73 

0.53 

0.08 

- 

- 

9.38 

3.62 

0.45 

0.57 

0.10 

- 

- 

11.38 

3.35 

0.28 

0.56 

0.10 

- 

- 

13.38 

3.25 

0.18 

0.54 

0.10 

- 

- 

15.38 

3.18 

0.09 

0.57 

0.12 

- 

- 

18.78 

3.08 

- 

0.56 

0.12 

- 

- 

21.78 

3.00 

- 

0.50 

0.11 

- 

- 

24.78 

3.00 

- 

0.50 

0.13 

- 

- 

27.78 

3.11 

- 

0.54 

0.12 

- 

- 

30.78 

2.86 

- 

0.51 

0.15 

- 

- 

33.78 

2.77 

— 

0.46 

0.14 

aApproximately  270  ppm  n-octane  waa  Introduced  into  the  chamber  before 
injection  of  reactants. 
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TABLE  A-9.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  NjH^  +  O3 
DARK  REACTION:  WITH  N-OCTANEa  AS  RADICAL  TRAP;  EXCESS  OZONE 
(T  -  23°C,  RH  -  15Z;  3800  l  CHAMBER;  RES  -  1  CM-1,  PATHLENGTH  -  68.3  M) 


_ Concentration  (ppm) _  Absorbance 

Elapsed  Time  1276.7  cm-^  (Q) 


(min) 

n2h4 

03 

h2o2 

nh3 

n2o 

n2h2 

-25 

16.7 

-19 

16.8 

-12 

16.6 

0 

4.2 

(calc'd) 

0.38 

2.32 

14.8 

_ 

0.03 

_ 

— 

1.38 

2.24 

12.1 

- 

0.05 

- 

0.004 

2.38 

1.33 

10.3 

- 

0.04 

- 

<  0.003 

3.38 

0.85 

10.0 

<  0.14 

0.06 

- 

<  0.003 

4.38 

0.59 

9.49 

- 

0.06 

- 

<  0.003 

5.38 

0.26 

9.06 

<  0.20 

0.05 

- 

<  0.003 

6.38 

<  0.27 

8.88 

<  0.14 

0.06 

- 

- 

7.38 

-  8.58 

- 

0.06 

- 

- 

8.38 

-  8.49 

- 

0.07 

- 

- 

9.38 

-  8.37 

- 

0.07 

- 

- 

10.38 

-  8.40 

<  0.15 

0.0; 

- 

- 

12.78 

-  8.25 

<  0.20 

0.06 

- 

- 

Approximately  270  ppm  n-octane  was  Introduced  Into  the  chamber  before 
Injection  of  reactants. 


TABLE  A- 10.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  THE  DARK 
REACTION  OF  N,H.  WITH  O3  IN  N,  ATMOSPHERE*;  EQUIMOLAR  REACTANTS 
(T  -  21°C,  RH  <  102;  3800  l  CHAMBER;  RES  -  1  CM-1,  PATHLENGTH  -  68.3  M) . 


0  11.7  (calc'd) 


0.38 

2.82 

3.42 

1.1 

0.13 

0.20 

0.045 

1.38 

3.75 

0.23 

1.6 

0.18 

0.22 

0.36 

0.049 

2.38 

3.48 

- 

1.5 

0.16 

0.18 

0.39 

0.050 

3.38 

3.09 

- 

1.4 

0.14 

0.16 

0.40 

0.051 

4.38 

2.91 

- 

1.2 

0.14 

0.10 

0.41 

0.057 

5.38 

2.82 

- 

1.2 

0.13 

0.14 

0.42 

0.055 

7.38 

2.95 

- 

1.1 

0.13 

0.25 

0.42 

0.055 

9.38 

2.75 

- 

1.0 

0.13 

0.17 

0.43 

0.055 

11.38 

2.78 

- 

0.92 

0.14 

0.15 

0.43 

0.055 

13.38 

2.58 

- 

0.78 

0.15 

0.17 

0.44 

0.059 

15.38 

2.49 

- 

0.80 

0.15 

0.21 

0.44 

0.061 

17.78 

2.41 

- 

0.68 

0.13 

0.16 

0.46 

0.062 

24.78 

2.34 

- 

0.54 

0.13 

0.18 

0.46 

0.064 

Approximately  1300  ppm  O2  was  Injected  as  part  of  the  O3  sample. 


APPENDIX  B 

DETAILED  DATA  TABULATIONS  FOR  THE  OZONE  +  MONOMETHYLHYDRAZ IN E 
CHAMBER  EXPERIMENTS 


The  detailed  concentration-time  data  for  the  nine  environmental  cham¬ 


ber  experiments  in  which  ozone  was  reacted  with  MMH  are  given  in  Tables 
B-l  through  B-9.  The  results  of  these  experiments  are  discussed  in  Sec¬ 
tion  3.3.3« 
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TABLE  B-l. 


REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME 
(T  -  22°C,  RH  -  14%;  3800  i  CHAMBER;  RES  - 


IN  MMH  +  0,  DARK  REACTION:  EXCESS  INITIAL  MMH 
1  CM-1,  PATHLENGTH  -  68.3  M) . 


Elapsed 

Time 

(min) 

Concentration 

(ppm) 

Absorbance 
845.2  cm-1 
CH3NNH 

at 

(Q) 

MMH 

°3 

CO 

HCHO 

HCOOH 

CH30H 

CH3OOH 

ch2n2 

H2°2 

nh3 

n2o 

-10 

16.3 

0.07 

-5 

15.8 

0.08 

0 

4.21  (calc'd. 

1st  injection) 

0.38 

11.8 

_ 

— 

- 

0.07 

1.5 

0.25 

0.77 

0.07 

— 

0.082 

1.38 

11.0 

- 

- 

- 

- 

0.10 

1.9 

0.64 

1.0 

0.09 

- 

0.093 

2.38 

10.9 

- 

- 

- 

- 

0.13 

1.7 

0.73 

0.95 

0.08 

- 

0.094 

3.38 

10.8 

- 

- 

- 

- 

0.12 

1.7 

0.74 

0.88 

0.08 

- 

0.094 

4.38 

10.9 

- 

- 

- 

- 

0.13 

1.8 

0.75 

0.91 

0.10 

- 

0.094 

5.38 

10.8 

- 

- 

- 

- 

0.12 

1.7 

0.75 

0.97 

0.10 

- 

0.092 

7.38 

10.7 

- 

- 

- 

- 

0.12 

2.0 

0.74 

0.88 

0.09 

- 

0.088 

10.38 

10.7 

- 

- 

- 

- 

0.12 

2.0 

0.76 

0.84 

o.n 

- 

0.088 

12.78 

10.7 

- 

- 

0.12 

2.1 

0.75 

0.86 

0.10 

0.096 

17.0 

25.8 

(calc'd. 

2nd 

injection) 

17.38 

0.54 

9.84 

0.44 

2.8 

0.18 

1.20 

8.4 

0.48 

2.0 

0.18 

0.06 

0.029 

18.38 

- 

10.9 

0.59 

3.4 

0.22 

1.35 

8.7 

0.20 

2.0 

0.17 

0.09 

- 

19.38 

- 

10.9 

0.72 

3.4 

0.23 

1.39 

8.7 

0.10 

2.0 

0.16 

0.12 

- 

20.38 

- 

10.8 

0.75 

3.4 

0.23 

1.39 

8.6 

0.04 

2.0 

0.15 

0.14 

- 

21.38 

- 

10.6 

0.74 

3.4 

0.24 

1.39 

8.8 

- 

2.0 

0.13 

0.14 

- 

22.38 

- 

10.6 

0.77 

3.6 

0.24 

1.40 

8.9 

- 

2.0 

0.10 

0.14 

- 

24.78 

- 

10.4 

0.80 

3.6 

0.25 

1.42 

8.8 

- 

1.9 

0.04 

0.14 

- 

28.78 

— 

10.4 

0.83 

3.5 

0.25 

1.40 

8.8 

1.9 

0.16 

170 


4 


I 

i 

f 


TABLE  B-2.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIKE  IN  M4H  +  0,  DARE  REACTION:  ORGANIC  TRACERS*  ADDED;  EXCESS  IMi 
(T  -  2l°C,  EH  -  281;  3800  1  CHAMBER;  RES  -  I  CM'1,  PATHLEHGTH  -  68.3  M) . 


Elapsed  Tima 

(■la) 

Concent  radon  (pp»)b 

Absorbance  at 
845.2  cm'1  (Q) 
CH3KNH 

Tracer 

Date 

(Ml 

Oj 

CO 

HCHO 

HCOOH 

CH3OH 

CH3OOH 

ch2n2 

«2°2 

NH3 

GC  Saapllaf 

TIM  (min) 

.  |  INMEl  ) 

1 (octane) 1 

-35 

18.8 

0.16 

-20 

-0.320 

-5 

17.8* 

0.17 

-13 

-0.321 

0 

5.1 

(calc'd) 

0 

0.38 

13.0 

_ 

_ 

. 

. 

o.u 

1.4 

0.28 

0.82 

0.16 

0.080 

1.38 

11.8 

- 

0.05 

- 

- 

0.17 

1.8 

0.67 

0.88 

0.17 

0.101 

2.38 

11.8 

- 

0.04 

- 

- 

0.17 

1.7 

0.77 

0.86 

0.17 

0.101 

3-38 

11.8 

- 

0.06 

- 

- 

0.17 

1.7 

0.77 

0.86 

0.15 

0.101 

3 

-0.308 

4.38 

11.7 

- 

0.04 

- 

- 

0.16 

2.0 

0.78 

0.84 

0.15 

0.088 

5.38 

11.7 

- 

0.04 

- 

- 

0.16 

2.1 

0.78 

0.81 

0.17 

0.100 

7.78 

11.7 

- 

0.04 

- 

- 

0.16 

2.2 

0.78 

0.86 

0.17 

0.102 

12.78 

11.7 

- 

0.04 

- 

- 

0*16 

2.2 

0.78 

0.82 

0.17 

0.100 

10 

-0.306 

17.78 

11.3 

- 

0.04 

<  0.01 

0.16 

2.3 

0.79 

0.88 

0.18 

0.088 

17 

-0.308 

*Approxleately 

0.2  pp. 

each 

of  n-octsae  and 

hexaeethylethane 

(HUE) 

Injected  at  t  - 

-28  min. 

^NjO  levels  below  detection  llnlt  (0.04  ppn)  In  this  experiment. 
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TABLE  B-3. 


REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN 
(T  =■  23°C,  RH  -  14%;  3800  l  CHAMBER;  RES  - 


MMH  +  03  DARK  REACTION:  EQUIMOLAR  REACTANTS 
1  CM-1,  PATHLENGTH  -  68.3  M) . 


Elapsed 

Concentration 

(ppm) 

Absorbance 

at 

Time 

845.2  cm-1 

(Q) 

(min)  MMH 

°3 

CO 

HCHO  HCOOH  CH3OH 

ch3ooh 

ch2n2  h2o2 

nh3 

N20  CH3NNH 

-10  8.87 

-4  8.88 


0.13 

0.14 


0 

9.5 

(calc'd. 

1st  Injection) 

0.38 

1*64 

0.54 

0.05 

0.82 

0.03 

0.32 

3.4 

0.49 

1.0 

0.17 

_ 

0.080 

1.38 

- 

- 

0.14 

1.2 

0.06 

0.48 

4.6 

0.94 

1.3 

0.17 

0.067 

2.38 

- 

- 

0.20 

1.2 

0.06 

0.50 

4.6 

0.98 

1.3 

0.17 

0.060 

3.38 

- 

- 

0.21 

1.2 

0.06 

0.52 

4.7 

0.97 

1.3 

0.16 

< 

O 

• 

O 

0.056 

4.38 

- 

- 

0.20 

1.2 

0.05 

0.53 

4.9 

0.99 

1.3 

0.17 

0.055 

5.36 

- 

- 

0.19 

1.1 

0.06 

0.51 

4.8 

0.99 

1.3 

0.17 

0.053 

7-78 

- 

- 

0.21 

1.2 

0.06 

0.53 

4.8 

1.0 

1.3 

0.17 

< 

0.04 

0.053 

12.0 

9.5 

(calc'd. 

2nd  Injection) 

12.38 

— 

.. 

0.22 

1.7 

0.07 

0.64 

5.3 

0.34 

1.4 

0.18 

_ 

0.008 

13.38 

- 

- 

0.35 

2.0 

0.08 

0.66 

5.5 

0.09 

1.3 

0.16 

- 

14.38 

- 

- 

0.41 

1.9 

0.08 

0.67 

5.2 

0.04 

1.3 

0.16 

- 

15.38 

- 

- 

0.43 

1.9 

0.09 

0.66 

5.3 

- 

1.2 

0.15 

< 

0.04 

- 

16.38 

- 

- 

0.42 

1.8 

0.08 

0.66 

5.2 

- 

1.2 

0.14 

- 

17.38 

- 

- 

0.45 

1.9 

0.08 

0.68 

5.4 

- 

1.3 

0.11 

- 

19.78 

- 

- 

0.47 

1.9 

0.09 

0.67 

5.4 

- 

1.2 

0.10 

< 

0.05 

- 
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TABLE  B-4.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  IMf  +  0.  DARK  REACTION:  ORGANIC  TRACERS*  ADDED;  EQUIMOLAR  REACTANTS 
(T  «  21°C,  RH  -  26Z;  3800  «  CHAMBER;  RES  -  1  CM'1,  PATHLENGTH  -  68.3  M) . 


Elapsed  Tlse 

(•In) 

Concent  radon 

(Pt*)b 

Absorbance  at 
845.2  cb-1  (Q) 
CH-jHNH 

Tracer 

Data 

MHH 

°3 

CO 

HCHO 

HCOOH 

ch3oh 

CH-jOOH 

ch2n; 

**2®2 

nh3 

GC  Saapllng 

Tlae  (aln) 

l  [HME]  | 

( (octane]  > 

-23 

10. 1 

0.04 

-24 

0.087 

-7 

10.0 

0.04 

-7 

0.088 

0 

10.3 

(calc'd) 

0 

0.38 

2.20 

0.60 

0.09 

0.62 

0,03 

0.30 

3.3 

0.49 

1.1 

0.06 

0.089 

1.38 

0.26 

- 

0.14 

1.3 

0.05 

0.52 

4.9 

l.t 

1.5 

0.08 

0.075 

2.38 

- 

- 

0.17 

1.1 

0.06 

0.55 

4.8 

».l 

1.5 

0.07 

0.073 

2 

0.203 

3.38 

- 

- 

0.15 

1.4 

0.05 

0.56 

5.0 

l.l 

1.5 

0.07 

0.072 

4.38 

- 

- 

0.17 

1.3 

0.05 

0.52 

4.8 

l.l 

1.4 

0.08 

0.066 

5.38 

- 

- 

0.15 

1.2 

0.05 

0.56 

5.0 

1.1 

1.5 

0.07 

0.068 

7.78 

- 

- 

0.16 

i.i 

0.05 

0.56 

5.1 

l.l 

1.4 

0.08 

0.064 

12.78 

- 

- 

0.16 

l.t 

0.06 

0.56 

5.0 

1.1 

1.4 

0.08 

0.068 

9 

0.207 

17.78 

- 

- 

0.16 

l.l 

0.05 

0.57 

5.0 

l.l 

1.4 

0.08 

0.065 

15 

0.207 

*ApproxlBately 

0.2  pp« 

each 

of  n-octaae  and 

hexase thy le thane 

(HME) 

Injected  at  t  - 

-28  Bln. 

bN20  levele  below  dnteccton  ll.lt  (0.04  ppn)  In  chin  experiment. 
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TABLE  B-5 •  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  MMH  +  03  DARK  REACTION:  EXCESS  OZONE 
(T  -  23°C,  RH  -  14X;  3800  1  CRAMBER;  RES  -  1  CM-*';  PATHLENGTH  -  68.3  M) . 


Elapsed 

Time 

(min) 


Absorbance  at 
845.2  cm-*  (Q) 
CHjNNH 


-18  15.3 

-12  15.1 


0  4.0  (calc'd) 


0.38 

- 

10.5 

- 

1.1 

0.02 

0.31 

2.3 

0.08 

0.39 

0.04 

— 

1.38 

- 

9.75 

0.19 

1.4 

0.03 

0.38 

2.7 

- 

0.54 

0.03 

_ 

2.38 

- 

9.91 

0.33 

1.3 

0.03 

0.37 

2.6 

_ 

0.56 

0.05 

3.38 

- 

9.89 

0.31 

1.3 

0.03 

0.38 

2.6 

- 

0.52 

0.01 

_ 

4.38 

- 

9.91 

0.31 

1.3 

0.03 

0.38 

2.5 

- 

0.49 

-  _ 

_ 

5.38 

- 

9.86 

0.32 

1.2 

0.03 

0.36 

2.5 

_ 

0.54 

_  _ 

_ 

7.78 

- 

9.72 

0.33 

1.3 

0.03 

0.36 

2.5 

- 

0.51 

-  <  0.04 

- 

TABLE  b-6 .  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TINE  IN  Mi  f  0,  DARK  REACTION:  ORGANIC  TRACERS®  ADDED;  EXCESS  OZONE 
(T  -  23°C,  RH  -  20X;  3800  t  CHAMBER;  RES  -  I  CM-1,  PATHLBNGTH  -  68.3  M) . 


Elapsed  Time 

(■In) 

Concentration 

<pp«)b 

Absorbance  at 
845.2  cm'1  (Q) 
CH3NNH 

Tracer 

Data 

«3 

CO 

HCH0 

HCOOH 

CH3OH 

CH^OOH 

ch2n2 

H2°2 

NH3 

GC  Sampling 

Time  (min) 

,  \  [HME]  / 

I'M  { 

( (octane) 1 

-69 

16.0 

-SO 

16.0 

-23 

0.069 

-11 

15.4 

-14 

0.079 

0 

4.9 

(calc'd) 

0 

0.38 

_ 

9.83 

0.27 

1.2 

0.03 

0.33 

2.4 

0.16 

0.45 

0.09 

- 

1.38 

- 

9.15 

0.36 

1.5 

0.06 

0.40 

2.7 

0.10 

0.56 

o.n 

- 

2.38 

- 

9.13 

0.37 

1.5 

0.04 

0.38 

2.3 

0.06 

0.50 

0.13 

- 

3.38 

- 

9.03 

0.40 

1.6 

0.04 

0.40 

2.5 

- 

0.52 

0.13 

- 

4.38 

- 

9.05 

0.40 

1.5 

0.05 

0.42 

2.5 

- 

0.52 

0.13 

- 

4 

0.444 

5.38 

- 

9.12 

0.41 

1.5 

0.05 

0.40 

2.4 

- 

0.54 

0.14 

- 

7.78 

- 

9.04 

0.43 

1.6 

0.04 

0.38 

2.6 

- 

0.52 

0.12 

- 

12.78 

- 

8.91 

0.43 

1.6 

0.05 

0.41 

2.5 

- 

0.49 

o.u 

- 

11 

0.471 

22.78 

- 

8.75 

0.51 

1.5 

0.05 

0.40 

2.5 

** 

0.48 

0.07 

- 

18 

0.468 

“Approximately  0.2  ppm  each  of  n-octane  and  hexamethy lethaoe  (HME)  Injected  at  t  ■  -79  min 
bN20  levels  below  detection  limit  (0.04  ppm)  in  this  experiment. 
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TABLE  B-7.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  MMH  +  O3  DARK  REACTION:  WITH  N-OCTANE3  AS 
RADICAL  TRAP;  EXCESS  INITIAL  MMH  (T  =  22°C,  RH  =  14%;  3800  4  CHAMBER;  RES  =  I  CM-1,  PATHLENGTH  =  68.3  M) . 


Elapsed _ Concentration  (ppm) _  Absorbance  at 

Time  845.2  cm-1  (Q) 

(min)  MMH  O3  CO  HCHO  HCOOH  CH3OH  CH3OOH  CH2N2  H202  NH3  N20  CHjNNH 


-19  18.7 

-7  18.9 


0  4.3  (calc'd) 


0.10* 

15.9 

0.29 

_ 

0.15 

- 

0.11 

0.35 

14.0 

0.18 

- 

0.51 

- 

0.16 

0.60 

13.7 

- 

- 

0.34 

- 

0.20 

0.85 

13.5 

- 

- 

0.59 

- 

0.22 

1.10 

12.9 

- 

- 

0.48 

- 

0.16 

1.35 

13.1 

- 

- 

0.59 

- 

0.20 

1.60 

13.3 

- 

- 

0.75 

- 

0.18 

1.85 

17.9 

- 

- 

0.53 

- 

0.18 

2.  10* 

13.3 

- 

- 

0.48 

- 

0.22 

3.38 

13.2 

- 

- 

0.53 

- 

0.22 

4.38 

13.2 

- 

- 

0.34 

- 

0.22 

5.38 

13.2 

- 

- 

0.29 

- 

0.22 

7.38 

13.1 

- 

- 

0.29 

- 

0.21 

10.38 

13.2 

- 

- 

0.17 

- 

0.22 

12.78 

12.8 

- 

- 

- 

- 

0.22 

0.10 

0.11 

0.13 


0.49 

0.08 

0.27 

0.09 

- 

0.039 

1.2 

0.28 

0.53 

0.15 

- 

0.080 

1.5 

0.43 

0.18 

< 

0.2 

- 

0.066 

1.2 

0.62 

0.45 

0.13 

- 

0.085 

1.6 

0.63 

0.19 

0.11 

- 

0.065 

1.6 

0.74 

0.47 

< 

0.17 

- 

0.072 

1.6 

0.79 

0.54 

0.14 

- 

0.082 

1.6 

0.79 

0.30 

< 

0.17 

- 

0.073 

1.6 

0.82 

0.51 

0.11 

- 

0.072 

1.8 

0.87 

0.41 

0.10 

- 

0.076 

1.8 

0.86 

0.40 

0.12 

- 

0.074 

1.8 

0.87 

0.36 

0.10 

- 

0.073 

1.9 

0.87 

0.34 

0.13 

- 

0.073 

2.0 

0.87 

0.37 

0.11 

- 

0.071 

1.8 

0.87 

0.39 

0.13 

- 

0.074 

(continued) 
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TABLE  B-7 .  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  MMH  +  0j  DARK  REACTION:  WITH  N-OCTANE3  AS 
RADICAL  TRAP;  EXCESS  INITIAL  MMH  (T  =  22°C,  RH  =■  142;  3800  l  CHAMBER;  RES  =  I  CM-1,  PATHLENGTH  -  68.3  M) 

(CONCLUDED). 


Elapsed 

Time 


Concentration  (ppm) 


Absorbance  at 
843.2  cm-1  (Q) 


(min) 

MMH 

°3 

CO 

HCH0 

HCOOH 

CH30H 

CH3OOH 

ch2n2 

h2o2 

nh3 

n2o 

CHjNNH 

20.0 

24.2 

(calc'd) 

20.10* 

3.67 

6.8 

_ 

3.0 

0.04 

1.3 

3.8 

2.1 

0.61 

0.15 

0.132 

20.35 

- 

7.8 

- 

5.0 

0.12 

2.4 

5.7 

3.2 

0.89 

0.18 

- 

0.039 

20.60 

- 

8. 1 

- 

5.8 

0.14 

2.5 

6.2 

3.0 

0.95 

0.12 

- 

- 

20.85 

- 

7.8 

- 

6.0 

0.15 

2.5 

6.2 

2.6 

0.86 

0.15 

- 

- 

21.10 

- 

7.3 

- 

5.3 

0.13 

2.5 

4.9 

2.4 

0.85 

0.16 

- 

- 

21.35 

- 

7.6 

- 

5.8 

0.14 

2.5 

5.8 

2.2 

0.80 

0.14 

- 

- 

21.60 

- 

7.0 

- 

5.7 

0.13 

2.5 

5.4 

2.0 

0.73 

0.15 

• 

- 

21.85 

- 

7.0 

6.2 

0.14 

2.5 

6.6 

1.8 

0.54 

0.15 

- 

- 

22.10 

- 

6.5 

- 

5.8 

0.14 

2.5 

6.2 

1.7 

0.58 

0.16 

- 

- 

23.38 

- 

7.05 

0.07 

6.5 

0.14 

2.60 

5.8 

1.1 

0.75 

0.13 

- 

- 

24.38 

- 

6.72 

0.05 

6.7 

0.14 

2.63 

5.8 

0.77 

0.69 

0.09 

- 

- 

25.38 

- 

6.47 

0.10 

6.7 

0.15 

2.57 

6.0 

0.57 

0.76 

0.09 

- 

- 

27.78 

- 

6.15 

0.09 

6.7 

0.15 

2.62 

5.7 

0.28 

0.75 

0.09 

- 

- 

33.78 

- 

6.02 

0.09 

6.9 

0.16 

2.64 

5.7 

0.05 

0.79 

0.03 

- 

- 

3 Approximately  270  ppm  n-octane  was  Introduced  Into  the  chamber  before  injection  of  reactants. 
bPalr9  of  asterisks  bracket  the  data  recorded  every  15  sec  (6  scans,  1  cm~*  resolution). 
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TABLE  B-8.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  MMH  +  0,  DARK  REACTION:  WITH  N-OCTANEa  AS 
RADICAL  TRAP;  EQUIMOLAR  REACTANTS  (T  -  24°C,  RH  -  14Z;  3800  t  CHAMBER;  RES  -  I  CM-1,  PATHLENGTH  -  68.3  M) 


Elapsed 

Time 

(min) 


Concentration 


03  CO  HCHO  HCOOH  CH3OH  CHjOOH  CH2N2  H202 


Absorbance  at 
845.2  cm“l  (Q) 
CHjNNH 


9.5  (calc'd) 


0.10 

6.5 

1*4 

0.71 

— 

0.23 

0.99 

0.10 

0.14 

0.10 

- 

0.055 

0.35 

2.3 

0.48 

- 

1.3 

0.03 

0.63 

2.7 

1.3 

0.26 

0.07 

- 

0.091 

0.60 

1.8 

0.13 

- 

1.1 

0.03 

0.69 

2.8 

2.0 

0.19 

0.11 

- 

0.101 

0.85 

1.7 

- 

- 

1.4 

0.03 

0.73 

2.3 

2.1 

0.35 

0.06 

- 

0.094 

1.10 

1.4 

- 

- 

1.2 

0.03 

0.73 

2.3 

2.1 

0.34 

0.10- 

- 

0.093 

1.35 

1.4 

- 

- 

1.7 

0.02 

0.75 

3.1 

2.2 

0.14 

0.10 

- 

0.085 

1.60 

1.4 

- 

- 

1.5 

0.03 

0.74 

2.2 

2.1 

0.39 

0.12 

- 

0.090 

1.85 

1.2 

- 

- 

1.6 

0.03 

0.73 

2.6 

2.2 

0.34 

0.12 

- 

0.089 

2.10 

1.3 

- 

- 

1.6 

0.02 

0.71 

3.4 

2.2 

0.33 

0.12 

- 

0.085 

3.38 

1.19 

- 

- 

1.5 

0.03 

0.75 

2.8 

2.2 

0.31 

0.09 

- 

0.084 

4.38 

1.11 

- 

- 

1.3 

0.03 

0.74 

2.5 

2.2 

0.33 

0.09 

- 

0.084 

5.38 

1.13 

- 

- 

1.5 

0.03 

0.77 

2.9 

2.2 

0.33 

0.09 

- 

0.079 

7.78 

0.94 

1.4 

0.03 

0.74 

2.9 

2.2 

0.23 

0.10 

0.081 

(continued) 
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TABLE  B-8.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  Mffi  +  0,  DARK  REACTION:  WITH  N-OCTAHE*  AS 
RADICAL  TRAP;  EQUIMOLAR  REACTANTS  (T  -  24°C,  RH  -  14X;  3800  t  CHAMBER;  RES  -  1  CM”,  PATHLENGTH  -  68.3  M) 

(CONCLUDED). 


Elapsed  _ Concentration  (ppm) _  Absorbance  at 

Time  845.2  cm”1  (Q) 


(min) 

MMH 

°3 

CO 

HCH0 

HC00H 

CH30H 

CH3OOH 

ch2n2 

H2°2 

nh3 

n2o 

CH3NNH 

12.0 

9.5  i 

(calc'd) 

12.10* 

0.43 

4.5 

_ 

1.5 

0.05 

0.85 

3.3 

2.1 

0.45 

0.13 

0.066 

12.35 

- 

6.4 

- 

2.0 

0.05 

1.2 

4.0 

2.0 

0.50 

0.13 

- 

0.024 

12.60 

- 

6.6 

- 

2.9 

0.05 

1.2 

3.7 

1.9 

0.44 

0.08 

- 

- 

12.85 

- 

6.2 

- 

2.8 

0.04 

1.2 

3.9 

1.8 

0.27 

0.13 

- 

- 

13.10 

- 

6.2 

- 

3.1 

0.04 

1.3 

3.5 

1.6 

0.57 

0.11 

- 

- 

13.35 

- 

6.0 

0.07 

3.2 

0.04 

1.3 

3.9 

1.5 

0.39 

0.14 

- 

- 

13.60 

- 

6.0 

0.08 

2.9 

0.05 

1.3 

3.3 

1.5 

0.41 

0.09 

- 

- 

13.85. 

- 

5.9 

0.03 

3.1 

0.05 

1.3 

3.1 

1.3 

0.46 

0.09 

- 

- 

14.10 

- 

5.9 

0.02 

3.2 

0.05 

1.3 

3.7 

1.2 

0.39 

0.09 

- 

- 

15.38 

- 

5.87 

0.07 

3.4 

0.05 

1.31 

3.5 

0.87 

0.26 

0.09 

- 

- 

16.38 

- 

5.85 

0.08 

3.7 

0.05 

1.34 

3.3 

0.65 

0.20 

0.10 

- 

- 

17.38 

- 

5.72 

0.06 

3.8 

0.05 

1.31 

3.5 

0.49 

0.23 

0.09 

- 

- 

19.78 

- 

5.51 

0.08 

3.7 

0.05 

1.31 

3.3 

0.26 

0.31 

0.09 

- 

- 

23.78 

- 

5.27 

0.09 

3.8 

0.05 

1.32 

3.6 

0.10 

0.30 

0.07 

- 

- 

28.78 

- 

5.13 

0.10 

3.9 

0.06 

1.32 

3.6 

0.04 

0.37 

0.06 

- 

- 

Approximately  270  ppm  n-octane  was  Introduced  Into  the  chamber  before  Injection  of  reactants. 
Pairs  of  asterisks  bracket  the  data  recorded  every  15  sec  (6  scene,  1  cm”1  resolution). 
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TABLE  B-9.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  MMH  +  O3  DARK  REACTION:  WITH  N-OCTAME*  AS 
RADICAL  TRAP;  EXCESS  OZONE  (T  -  24°C,  RH  -  14X;  3800  t  CHAMBER;  RES  -  I  CM"1,  PATHLENGTH  -  68.3  M). 


Elapsed  _ Concentration  (ppm) _  Absorbance  at 

Time  845.2  ca"1  (Q) 


(min) 

MMH 

°3 

CO 

HCH0 

HC00H 

CH3OH 

CH3OOH 

01^2 

h2o2  nh3 

n2o 

CH^NNH 

-15 

17.6 

-8 

17.5 

0 

4.5 

(calc'd) 

0.10* 

13.9 

0.08 

0.47 

— 

0.22 

1.3 

0.18 

0.11  0.05 

— 

— 

0.35 

- 

9.9 

0.12 

1.9 

0.03 

0.76 

1.5 

1.1 

0.30  0.03 

- 

- 

0.60 

- 

9.3 

0.05 

2.2 

0.02 

0.88 

1.6 

0.99 

0.25 

- 

- 

0.85 

- 

8.8 

0.09 

2.6 

0.02 

0.89 

1.1 

0.89 

0.30 

- 

- 

1.10 

- 

9.0 

0.11 

2.6 

0.03 

0.93 

1.4 

0.80 

0.36 

- 

- 

1.35 

- 

8.9 

0.09 

2.2 

0.03 

0.86 

1.0 

0.73 

0.28 

- 

- 

1.60 

- 

8.9 

0.08 

2.4 

0.03 

0.78 

2.1 

0.66 

0.3  3 

- 

- 

1.85. 

- 

8.9 

0.11 

2.6 

0.02 

0.86 

1.5 

0.61 

0.25  <  0.05 

- 

- 

2.10 

- 

8.8 

0.07 

2.3 

0.03 

0.84 

1.5 

0.53 

0.26 

- 

- 

3.38 

- 

8.91 

0.18 

2.4 

0.03 

0.86 

1.2 

0.32 

0.28 

- 

- 

4.38 

- 

8.69 

0.22 

2.2 

0.03 

0.85 

1.2 

0.20 

0.29 

- 

- 

5.38 

- 

8.76 

0.21 

2.4 

0.03 

0.88 

1.2 

0.12 

0.23 

- 

- 

7.78 

- 

8.68 

0.20 

2.2 

0.03 

0.88 

1.1 

0.04 

0.25  <  0.03 

- 

- 

*  Approximately  270  ppm  n-octane  was  Introduced  Into  the  chamber  before  injection  of  reactants. 
bAsterisks  indicate  the  span  of  data  recordad  every  15  sec  (6  scans,  1  cm"1  resolution). 


APPENDIX  C 


DETAILED  DATA  TABULATIONS  FOR  THE  OZONE  +  UN SYMMETRICAL 
D IMETHYLHYDRAZ INE  CHAMBER  EXPERIMENTS 

The  detailed  concent rat ion- time  data  for  the  aeven  environmental 
chamber  experiments  in  which  ozone  waa  reacted  with  UDMH  are  given  in 
Tables  C-l  through  C-7.  The  results  of  these  experiments  are  discussed  in 
Section  3. 3.4. 


TABLE  C-2.  REACT  AMT  AMD  PRODUCT  CONCEMTEATIOMS  VS.  THU  1M  DDMR  ♦  O,  DAME  UACTIOMi  OMGAMIC  TRACERS*  ADDED; 
EXCESS  UMffl  (T  -  23°C,  EB  -  291;  MOO  t  (DUMBER;  RES  -  I  OT1,  PATHLEMGTR  -  68.3  M). 


Elapaad  Tlaa 

(■Id) c  0DMR 

°3 

CO 

BCH0 

BC00M 

CHjOH 

ca3ooR 

(CH})2HM0 

BjOj 

MHj 

HOMO 

"°2 

845.2  CD-1  (Q) 

CRjMMH 

-36 

I6.S 

. 

0.10 

-7 

16.4* 

“ 

0.11 

0 

4.3 

(talc'd) 

0.38 

13.6 

_ 

0.09 

0.36 

0.01 

0.03 

1.4 

0.08 

0.12 

0.07 

_ 

0.011 

1.38 

13.2 

- 

0.09 

0.37 

0.01 

0.03 

• 

1.7 

0.16 

0.13 

0.09 

- 

0.010 

2.38 

13.2 

- 

0.08 

0.33 

0.01 

0.03 

- 

1.7 

0.16 

0.13 

0.08 

- 

0.011 

3.38 

13.2 

- 

0.10 

0.39 

0.01 

0.02 

- 

1.7 

0.20 

0.13 

0.09 

- 

0.012 

4.38 

13.2 

- 

0.10 

0.43 

0.01 

0.02 

- 

1.7 

0.16 

0.13 

0.09 

- 

0.013 

3.38 

13.1 

- 

0.08 

0.33 

• 

0.03 

- 

1.7 

0.12 

0.13 

0.09 

- 

0.013 

7.78 

13.2 

“ 

0.10 

0.44 

0.01 

0.04 

1.7 

0.17 

0.13 

0.08 

0.011 

Tracar  Data 

GC  Saapllny  Tlaa 

(■ID)* 

-23 

-13 

0 

2  10 

21 

Id  (  (ME)  /  [octaoa) ) 

0.683 

0.677 

0.696  0.694 

0.694 

*  Approx  1m  taly  0.2  ppx  aach  of  a-octaoa  and  haxaaatfcylathaaa  (ME)  lajactad  at  t  -  -27  all. 
cone*  of  0.05  pfw  oboorvod  it  t*  ?.7I  ala* 

cKlip«ad  tiac  «od  GC  Mipllng  tlM  arc  both  rifirri4  to  ita^t  of  0j  Injection  (t  •  0)* 


TAIL*  C-3.  MACTANT  AND  FMOUCT  OONCSNItATIOBS  W.  TDM  U  IBM  +  0]  DAM  ABACTION:  EQUIMOLAB  INITIAL  AMOUNTS  OF 
REACTANTS  (T  «  23°C,  M  «  UX;  3*00  A  CNAMMS;  US  -  I  CM*1.  FATB.MCTB  •  69.3  M). 


Ilapaa*  Tlaa 

(ala) 

Caacaattatlaa  (aaa)* _ 

Abaorbaaca  at 
843.2  ca_l  (Q) 

CHjNNH 

DDM 

°3 

CO 

NCNO 

aooott 

CHjOO 

CNjOOa 

(CHj)2«N0 

"2°2 

“) 

BONO 

B0jb 

•11 

10.1 

0.20 

-3 

10.1 

0.20 

“ 

0 

0.0  (calc'*. 

lac  lajactlaa) 

O.M 

4.22 

0.10 

0.03 

0.03 

0.04 

0.7 

3.6 

0.3* 

0.00 

0.10 

0.07 

0.010 

1.3* 

3.13 

- 

0.21 

1.1 

0.03 

0.07 

0.0 

4.1 

0.32 

0.00 

0.28 

0.08 

0.017 

2.M 

3.22 

- 

0.22 

0.00 

0.02 

0.06 

0.0 

4.2 

0.61 

0.06 

0.20 

- 

0.016 

3.3* 

3.16 

- 

0.27 

0.00 

0.03 

0.07 

0.7 

4.1 

0.30 

0.04 

0.27 

- 

0.018 

4.30 

3.00 

- 

0.27 

1.0 

0.03 

0.07 

0.0 

4.1 

0.31 

0.06 

0.20 

- 

0.017 

3.30 

3.13 

- 

0.20 

l.l 

0.03 

0.06 

0.0 

4.1 

0.30 

0.03 

0.28 

- 

0.018 

7.71 

3.14 

* 

0.20 

0.07 

0.03 

0.03 

0.7 

4.1 

0.33 

0.06 

0.20 

0.018 

12.0 

13.0  1 

[calc'A, 

2a*  lajactlaa) 

13.3S 

- 

10.3 

0.33 

1.7 

0.07 

0.13 

1.7 

6.0 

0.02 

0.03 

0.20 

0.20 

14.30 

- 

10.1 

0.41 

1.0 

0.06 

0.17 

1.0 

6.2 

0.06 

0.04 

0.20 

0.10 

- 

13.30 

- 

0.00 

0.44 

1.0 

0.07 

0.20 

2.1 

6.1 

0.01 

0.04 

0.28 

0.17 

- 

16.30 

- 

0.03 

0.43 

2.1 

0.07 

0.21 

2.2 

6.2 

0.04 

0.03 

0.30 

0.14 

- 

17.30 

- 

0.07 

0.42 

2.1 

0.07 

0.22 

2.2 

6.2 

0.02 

0.04 

0.30 

0.14 

- 

21.70 

“ 

0.02 

0.47 

2.1 

0.07 

0.21 

2.2 

6.1 

0.79 

0.04 

0.28 

0.13 

” 

*Q(j«2  abaarva*  Aurlag  lac  Q.  lajactlaa  with  aailia  eoac.  of  0.06  ppa  at  t  •  I.7S  ala. 
*N02  coocaatracloaa  glvaa  at*  appar  Halt  aatiaataa. 
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TABLE  C-4.  REACTANT  AMD  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  UDMH  +  0,  DAU  REACTION:  OMBAMIC  TRACERS*  ADDED; 
EQUIMOLAR  REACTANTS  (T  -  23°C,  U  .  281;  MOO  t  OUM1U;  (XS  -  1  Of1.  PATBL8MCTH  -  68.3  M). 


Klapaed  Tlae 
(»ln)c 

UDMH 

8 

f*1 

e 

BCH0 

■C00H 

cgasiai 

CHjOH 

ration  in 

CH^OOtf 

BIZ _ 

<cb3)2rm 

«2°2 

"3 

BONO 

*°2 

AbiorMoea  at 
645.2  cmT1  (Q) 
CHjNim 

-23 

9.77 

0.11 

-7 

9.60 

• 

0.11 

0 

9.9  (calc'd) 

0.38 

3.84 

<  0.07  0.05 

0*94 

0.02 

0.07 

0.67 

3.1 

0.43 

0.16 

0.14 

_ 

0.014 

1.38 

2.68 

0.05 

i.i 

0.02 

0.08 

0.83 

4.2 

0.48 

0.16 

0.24 

- 

0.019 

2.38 

2.70 

0.08 

i.i 

0.02 

0.09 

0.53 

4.2 

0.47 

0.15 

0.25 

- 

0.021 

4.38 

2.64 

0.10 

0.96 

0.02 

0.08 

0.42 

4.2 

0.51 

0.15 

0.25 

- 

0.018 

5.38 

2.72 

0.08 

1.0 

0.03 

0.08 

0.60 

4.2 

0.46 

0.14 

0.26 

- 

0.018 

8.38 

2.62 

0.09 

1.0 

0.03 

0.08 

0.55 

4.2 

0.47 

0.15 

0.27 

- 

0.021 

Tracer  Dace 

CC  Saapllag  T1m  <aln)c  -24  -13  0  2  13 

la  ( [HME] / [occaaa] }  0.394  0.393  0.471  0.473 

'ifrroilaattlji  0.2  ppa  aach  of  n-octaaa  aad  haxaMtkylatkaM  (M)  UJactal  at  t  -  -32  ata. 
™2«2  cone .  of  0.07  ppa  obaarvad  at  t  -  8.31  ala. 

cElapaad  tlaa  and  GC  aaapltng  tiaa  ara  both  rafarrad  to  atatc  of  0}  lajactloo  (t  -  0). 
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TABLE  C-6. 


REACT  ATT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  UDMH  +  0,  DARK  REACTION:  WITH  N-OCTANE*  AS  RADICAL  TRAP; 
EXCESS  INITIAL  UDMH  (T  -  26°C,  RH  -  lit;  6400  X  CHAMBER;  RES  -  1  CM-1,  PATHLEMGTH  -  102.4  M). 


Elapsed  Tim* 
(min) 

Concentration  (ppa)^ 

Absorbance  at 
845.2  c**1  <Q) 
CH3NNH 

UDMH 

o3 

CO 

HCH0 

HCOOH 

CH3OB 

013000  (CH3)2*NO 

“2°2 

«“3 

HOMO 

N02c 

-ll 

7.98 

-5 

7.96 

- 

- 

0 

3.1 

(calc'd. 

Ut  Injection) 

0.18 

6.16 

_ 

_ 

- 

- 

0.02 

1.1 

- 

0.01 

_ 

_ 

1.38 

5.96 

- 

- 

- 

- 

0.03 

- 

1.4 

- 

- 

0.02 

- 

_ 

2.18 

6.06 

- 

- 

- 

- 

0.04 

- 

1.4 

- 

- 

0.02 

- 

- 

1.18 

8.06 

- 

- 

- 

- 

0.04 

- 

1.4 

- 

- 

0.02 

- 

_ 

4.38 

6.00 

- 

- 

- 

- 

0.01 

-a 

1.4 

- 

- 

0.04 

- 

_ 

5.18 

6.01 

- 

- 

- 

- 

0.03 

1.4 

- 

- 

0.02 

- 

_ 

7.78 

5.91 

- 

- 

- 

- 

0.03 

- 

1.4 

- 

- 

0.02 

-a 

- 

12.78 

6.01 

- 

- 

- 

- 

0.03 

1.4 

- 

- 

0.02 

- 

_ 

17.78 

5.94 

- 

- 

- 

- 

0.03 

a. 

1.4 

- 

- 

0.04 

- 

_ 

22.78 

5.95 

- 

- 

- 

- 

0.02 

a- 

1.4 

- 

- 

0.01 

- 

- 

12.78 

6.00 

" 

- 

0.01 

1.4 

“ 

0.05 

- 

- 

17.0 

10.1 

(calc'd. 

2nd  injection) 

17.18 

0.70 

0.37 

_ 

0.45 

0.01 

0.12 

0.96 

5.1 

0.21 

_ 

0.08 

0.06 

0.017 

18.38 

- 

- 

0.04 

0.60 

0.02 

0.14 

1.0 

5.9 

0.23 

- 

0.12 

0.05 

0.017 

19.38 

- 

- 

0.05 

0.47 

0.02 

0.14 

0.91 

5.8 

0.26 

- 

0.10 

0.08 

<  0.02 

40.38 

- 

- 

0.07 

0.47 

0.02 

0.14 

0.92 

5.8 

0.24 

- 

0.10 

0.05 

<  0.02 

41.18 

- 

- 

0.08 

0.58 

0.02 

0.12 

1.2 

5.9 

0.27 

- 

0.09 

0.06 

<  0.01 

42.18 

- 

- 

0.07 

0.60 

0.02 

0.14 

0.92 

5.9 

0.26 

- 

0.10 

0.06 

- 

45.78 

- 

- 

0.10 

0.16 

0.02 

0.14 

0.81 

5.9 

0.24 

- 

0.08 

0.06 

- 

50.78 

- 

- 

0.08 

0.39 

0.02 

0.11 

0.79 

5.9 

0.27 

- 

0.08 

0.07 

_ 

55.78 

* 

0.07 

0.60 

0.02 

0.14 

0.96 

5.9 

0.25 

• 

0.09 

0.07 

*ApproxlaataIr  210  ppa  a-octaaa  Introduced  Into  ch— bar  bafora  Injection  of  raactaaca. 
bCH2Nj  foraad  during  lad  0j  Injection  with  aaxlaua  coae.  of  0.08  ppa  obaarvad  at  t  •  55.78  ala. 
cN02  concancratlona  glvan  ara  uppar  Halt  aaclaataa. 
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TABLE  C-7 .  REACT ANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIKE  IN  UDMH  +  O3  DARK  REACTION:  WITH  N-OCTANE*  AS  RADICAL  TRAP; 
EQUIMOLAR  INITIAL  AMOUNTS  OP  REACTANTS  (T  -  23°C,  RH  -  13X;  3800  1  CHAMBER;  RES  -  l  CM-1,  PATH LENGTH  -  68-3  M) 

(CONCLUDED). 


Elapsed  Time 
(mln)b 

Concentration  (ppm)c 

Absorbance  at 
845.2  cm*1  (Q) 
CHjMMH 

UDMH 

°3 

CO 

HCH0 

HCOOH 

CH3OH 

CH300H  <CH3)2NNG 

“2°2 

HHj 

MONO 

N02 

13.0 

16.3 

calc'd 

2nd  Injection) 

13.10* 

0.44 

5.9 

1.3 

0.02 

0.23 

X 

7.8 

0.30 

_ 

0.07 

X 

- 

13.35 

- 

9.5 

- 

1.5 

0.03 

0.30 

X 

8.2 

0.39 

- 

0.13 

X 

- 

13.60 

- 

9.9 

- 

1.3 

0.02 

0.37 

X 

8.0 

0.38 

- 

0.10 

X 

- 

13.85 

_ 

9U 

- 

<  2.1 

0.01 

0.22 

X 

8.1 

0.22 

- 

<  0.18 

X 

- 

16.10 

_ 

9.9 

- 

1.2 

0.03 

0.32 

X 

8.1 

0.38 

- 

0.08 

X 

- 

16.35 

_ 

9.6 

- 

<  1.8 

0.03 

0.21 

X 

8.1 

0.31 

- 

0.10 

X 

- 

16.60 

- 

9.9 

- 

1.6 

0.03 

0.19 

X 

8.1 

0.38 

- 

0.11 

X 

- 

16.85 

_ 

9.6 

- 

1.5 

0.03 

0.24 

X 

8.1 

0.30 

- 

0.08 

X 

- 

15.10 

* 

9.8 

- 

1.6 

0.02 

0.25 

X 

8.2 

0.40 

- 

0.07 

X 

- 

16.38 

- 

9.77 

- 

1.5 

0.03 

0.27 

0.90 

8.1 

0.36 

- 

0.07 

- 

- 

17.38 

- 

9.76 

- 

1.2 

0.03 

0.29 

0.87 

8.1 

0.36 

- 

0.10 

- 

- 

18.38 

- 

9.57 

- 

1.4 

0.03 

0.27 

0.96 

8.1 

0.63 

- 

0.09 

- 

- 

20.78 

9.63 

“ 

1.6 

0.03 

0.27 

0.81 

8.1 

0.36 

•* 

0.07 

“ 

"Approximately  270  ppm  n-octane  was  Introduced  Into  the  chamber  before  Injection  of  reactant*. 

"Pair*  of  ae ter lake  bracket  the  data  recorded  every  15  aec  (6  scana,  1  cm*1  reaolutlon). 

cKntrlea  marked  with  ”x”  correspond  to  concent rat Iona  which  could  not  be  meaaured  reliably  due  to  the  higher  nolae  level 
of  the  apectra  with  fewer  averaged  acana.  Daahea  repreaent  concent rat  Iona  which  are  below  normal  detection  llmlta  (eee 
Table  t  of  text). 
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APPENDIX  D 


DETAILED  DATA  TABULATIONS  FOR  THE  OZONE  +  AEROZINE-50 
CHAMBER  EXPERIMENT 

The  detailed  concentration-time  data  for  the  environmental  chamber 
experiment  in  which  ozone  was  reacted  with  Aerozlne-50  are  given  in  Table 
D-l.  The  results  of  these  experiments  are  discussed  in  Section  3.3>5. 
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4 

-  -  ~ - — ■  . mu. I  .ih—1,1,  I  mmm  . . 


tails  d-i.  reactant  and  product  concentrations  vs.  tins  in  ni  dark  reaction  or  aeedzins-m  win  o. 

(T  •  23°C,  RB  -  1ST;  5800  1  CHAMBER;  RES  •  1  or1,  PATNLENCT1  •  68.3  M). 


Elapsed  Tlae 

(■tn) 

Concaotratlan  (dp.) 

a 

AWotUaca  at 

1276.7  ca~l  (Q> 

*2*2 

"2h4 

UDMH 

°3 

CO 

HCH0 

HCOOH 

CHjOH 

CH3OOB 

(Cij)j«N0 

*2«2 

mm 

NjO 

no2 

"3 

-10 

7.65 

8.00 

0.08 

-5 

7.52 

8.02 

0.10 

0 

16.8 

(calc'd) 

0.38 

4.34 

0.89 

0.87 

0.14 

i.i 

0.02 

0.08 

_ 

4.8 

2.0 

0.14 

0.06 

* 

0.18 

0.059 

1.38 

3.14 

- 

0.48 

0.22 

i.i 

0.04 

0.10 

5.4 

2.6 

0.17 

0.08 

- 

0.21 

0.043 

2.38 

2.57 

- 

0.25 

0.23 

0.86 

0.04 

0.11 

5.4 

2.8 

0.19 

0.07 

- 

0.26 

0.037 

3.38 

2.29 

- 

0.20 

0.25 

0.86 

0.05 

0.11 

<  0.74 

5.3 

2.8 

0.16 

0.05 

0.07 

0.26 

0.037 

A. 38 

2.27 

- 

0.19 

0.27 

0.67 

0.05 

0.10 

5.4 

2.9 

0.22 

0.06 

0.07 

0.23 

0.030 

5.38 

2.36 

- 

0.11 

0.26 

0.82 

0.05 

0.12 

5.3 

2.9 

0.17 

0.06 

0.08 

0.24 

0.027 

7.78 

2.06 

- 

- 

0.26 

0.79 

0.05 

0.11 

5.3 

3.1 

0.19 

0.06 

0.11 

0.28 

0.027 

14.78 

1.66 

- 

- 

0.26 

0.58 

0.06 

0.13 

<  0.74 

5.4 

2.8 

0.21 

0.07 

0.12 

0.29 

0.026 

18.0 

17.4 

(calc'd) 

18.38 

0.48 

- 

12.8 

0.29 

0.79 

0.08 

0.09 

4  1.8 

5.1 

2.8 

0.24 

0.06 

0.10 

0.36 

0.015 

19.38 

- 

- 

13.3 

0.36 

1.2 

0.09 

0.11 

4.8 

2.8 

0.29 

0.10 

0.14 

0.42 

- 

20.38 

- 

- 

13.1 

0.40 

1.3 

0.09 

0.12 

4.7 

2.7 

0.29 

0.11 

0.13 

0.41 

- 

21.38 

- 

- 

12.8 

0.46 

1.4 

0.10 

o.u 

<  1.8 

4.7 

2.7 

0.29 

0.10 

0.13 

0.35 

- 

22.38 

- 

- 

12.7 

0.46 

1.2 

0.10 

0.16 

4.6 

2.7 

0.29 

0.11 

0.12 

0.29 

- 

23.38 

- 

- 

12.6 

0.53 

1.4 

0.10 

0.09 

4.7 

2.7 

0.29 

0.11 

0.09 

0.25 

- 

25.78 

- 

12.3 

0.55 

1.4 

0.1 1 

0.12 

4  i.s 

4.6 

2.6 

0.29 

0.11 

0.06 

0.17 

- 

*An  eatlaatad  0.8  ppa  of  fonaldahyd.  hydra tona  (HjNN-CHj)  wu  fomad  at  t  -  ~15  ala  a  ad  dlaappearad  ahortly  aftar  tha  aacood  0j  tnjacttoo. 


APPENDIX  E 


DETAILED  DATA  TABULATIONS  FOR  THE  NOx  +  HYDRAZINE  CHAMBER  EXPERIMENTS 


The  detailed  concent rat Ion- time  data  for  the  four  environmental  cham¬ 
ber  experiments  in  which  N0Z  was  reacted  with  N2H4  are  given  in  Tables  E-l 
through  P-4.  The  results  of  these  experiments  are  discussed  in  Section 
3.4*1. 


TABLE  E-l .  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  THE  DARK 
REACTION  OF  N9H4  WITH  NO  AND  NO 9  IN  N2  ATMOSPHERE;  EXCESS  N9H4  (T  - 
20°C,  RH  <  101;  3800  1  CHAMBER;  RES  -  1  CM"1,  PATHLENGTH  -  68.3  M) . 


Time 

Elapsed 

(min) 

Concentration  (ppm)* 

Absorbance 
1276.7  cm"1 
n2h2 

at 

(Q) 

n2h4 

NO 

no2 

HONO 

n2o 

nh3 

-12 

6.1 

- 

0 

10.5  (calc'd) 

0.78 

8.75 

5.9 

_ 

0.19 

12.78 

9.15 

5.9 

- 

- 

- 

0.30 

- 

23.78 

9.02 

5.9 

- 

- 

- 

0.31 

- 

37.78 

8.73 

5.8 

- 

- 

- 

0.36 

- 

47.78 

8.59 

6.0 

- 

- 

- 

0.32 

— 

62.78 

8.55 

5.9 

- 

- 

- 

0.36 

- 

77.78 

8.35 

6.0 

- 

- 

- 

0.39 

- 

82.0 

~5.9  (calc'd) 

82.78 

7.96 

5.5 

5.3 

0.06 

0.11 

0.41 

88.78 

8.07 

5.9 

5.3 

0.20 

0.13 

0.40 

- 

102.78 

7.84 

5.9 

4.8 

0.40 

0.17 

0.46 

- 

117.78 

7.47 

5.8 

4.2 

0.64 

0.20 

0.54 

- 

133.78 

7.13 

5.8 

3.8 

0.85 

0.22 

0.58 

- 

147.78 

6.47 

5.6 

3.5 

1.0 

0.21 

0.59 

- 

162.78 

6.34 

5.6 

3.2 

1.2 

0.23 

0.62 

- 

177.78 

6.06 

5.6 

2.9 

1.3 

0.24 

0.64 

<  0.005 

aS«e  text  for  a  discussion  of  the  hydrazlnlum  salt(s)  formed. 
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TABLE  B-2.  REACT  AMT  AMD  PRODUCT  CONCENTRATIONS  VS.  TIKE  IN  THE  DARK 
REACTION  OF  N2H4  WITH  NO  AID  NO,  Of  AIR;  INITIAL  EXCESS  NO  (T  -  24°C, 
KH  -  111;  6400  1  CHAMBER;  RES  *  1  Of1,  PATHLEMGTH  -  102.4  M). 


Time  Concentration  (ppm)* _  Absorbance  at 

f  Elapsed  1276.7  cn”1  (Q) 


(■In) 

n2h4 

NO 

as 

o 

N) 

HONO 

n2o 

nh3 

n2 

-37 

4.28 

0.19 

-23 

4.02 

0.25 

-7 

4.11 

0.25 

0 

~21 

(calc'd) 

2.78 

3.54 

19.0 

2.4 

0.21 

0.16 

0.30 

- 

8.78 

3.53 

18.4 

2.6 

0.22 

0.16 

0.30 

- 

13.78 

3.46 

18.1 

3.1 

0.23 

0.15 

0.32 

- 

23.78 

3.42 

17.0 

3.8 

0.23 

0.18 

0.32 

- 

32.78 

3.32 

16.3 

4.4 

0.28 

0.18 

0.35 

- 

47.78 

3.14 

15.3 

5.1 

0.41 

0.22 

0.39 

- 

62.78 

2.90 

14.4 

5.9 

0.53 

0.24 

0.43 

- 

77.78 

2.58 

13.5 

6.6 

0.64 

0.26 

0.48 

- 

92.78 

2.50 

12.8 

7.1 

0.86 

0.32 

0.52 

- 

107.78 

2.19 

12.1 

7.7 

1.1 

0.33 

0.56 

- 

122.78 

2.01 

11.4 

8.0 

1.3 

0.35 

0.60 

- 

137.78 

1.82 

10.9 

8.2 

1.4 

0.39 

0.63 

- 

152.78 

1.64 

10.2 

8.7 

1.6 

0.42 

0.66 

- 

182.78 

1.33 

9.4 

9.1 

1.9 

0.44 

0.72 

- 

aSee  text  for  a  discussion  of  the  hpdraslnlue  salt(s)  formed. 
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TABLE  B-3.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  THE  DARK 
REACTION  OF  N2H4  WITH  NO,  IN  AIR;  EXCESS  N,H4  (T  -  22°C,  RH  -  132; 
3800  l  CHAMBER;  RES  -  1  CM"1,  PATHLENGTH  -  68.3  M) . 


Time 

Elapsed 

(min) 


Concentration 


Absorbance  at 
1276.7  ca"1  (Q) 
N2H2 


-10  8.81  0.08 

-5  8.66  0.08 


0  ~5.6  (calc'd) 


0.78 

8.20 

- 

4.3 

0.06 

- 

0.10 

— 

5.78 

8.09 

- 

4.4 

0.19 

- 

0.13 

- 

15.78 

7.53 

- 

3.9 

0.42 

0.04 

0.17 

0.006 

30.78 

6.99 

- 

3.4 

0.68 

0.06 

0.21 

0.008 

45.78 

6.60 

- 

3.0 

0.91 

0.09 

0.24 

0.010 

60.78 

6.13 

- 

2.6 

1.1 

0.09 

0.27 

0.012 

75.78 

5.97 

• 

2.2 

1.3 

0.11 

0.30 

0.012 

90.78 

5.56 

•m 

2.0 

1.5 

0.10 

0.31 

0.015 

105.78 

5.09 

- 

1.7 

1.6 

0.10 

0.33 

0.016 

120.78 

4.70 

- 

1.5 

1.7 

0.10 

0.35 

0.017 

Sea  text  for  a  discussion  of  the  hydraslnlua  salt(s)  foraed 
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TABLE  E-4.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS. 
REACTION  OP  N,H4  WITH  N02  IN  AIR;  EXCESS  NO,  (T  - 
6400  t  CHAMBER;  RES  *  1  CM-1,  PATHLENGTH  - 


TIME  IN  THE  DARK 
25°C,  RH  -  111; 
102.4  M). 


Tiae 

Elapsed 

(■In) 

n2h4 

NO 

Concentration  (ppa)* 

no2  hono  n2o 

nh3 

Absorbance 
1276.7  ca'1 
n2h2 

at 

(Q) 

-18 

4.86 

0.05 

-8 

4.85 

0.04 

-4 

4.77 

0.05 

0 

~2l  (calc'd) 

9.78 

4.29 

20.0 

0.18 

0.23 

0.09 

- 

18.78 

4.11 

- 

19.7 

0.39 

0.31 

0.19 

- 

23.78 

3.99 

- 

19.5 

0.48 

0.36 

0.23 

- 

37.78 

3.60 

- 

18.9 

0.78 

0.47 

0.37 

- 

52.78 

3.22 

- 

18.4 

1.1 

0.55 

0.46 

- 

67.78 

2.95 

- 

18.1 

1.4 

0.63 

0.55 

- 

97.78 

2.48 

- 

17.4 

1.8 

0.68 

0.62 

- 

112.78 

2.20 

- 

16.9 

2.3 

0.71 

0.69 

- 

127.78 

1.92 

- 

16.1 

2.5 

0.76 

0.75 

- 

142.78 

1.73 

- 

16.2 

2.8 

0.80 

0.78 

- 

158.78 

1.45 

- 

15.7 

3.2 

0.81 

0.83 

- 

172.78 

1.32 

- 

15.3 

3.5 

0.84 

0.86 

- 

187.78 

0.84 

15.1 

4.1 

0.88 

0.91 

aSee  text 

for  a 

discussion  of  the  hydras lnlua  salt(s) 

formed. 
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APPENDIX  F 

DETAILED  DATA  TABULATIONS  FOR  THE  NO  -I-  MOHOKETHYL HYDRAZINE 
CHAMBER  EXPERIMENTS 

The  detailed  concent rat ion- t lee  data  for  the  four  environmental  cham¬ 
ber  experiments  in  which  N0X  waa  reacted  with  Mffl  are  given  in  Tablea  F-l 
through  F-4.  The  results  of  these  experiments  are  dlscuased  In  Section 
3.4.2. 


1 


TABLE  F-l.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  THE  DARK  REACTION  OF  MMH  WITH  NO  AND  NO, 
IN  N2  ATMOSPHERE;  EXCESS  MMH  (T  -  22°C,  RH  <  10Z;  3800  t  CHAMBER;  RES  -  I  CM-1,  PATHLENGTH  -  68.3  M). 


TABLE  P-2.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIKE  IN  THE  DARK  REACTION  OF  MMH  WITH  NO  AND  NO, 
IN  AIR;  INITIAL  EXCESS  NO  (T  -  23°C,  RH  -  11X;  6400  i  CHAMBER;  RES  -  1  CM-1,  PATHLENGTH  -  102.4  M). 


Time 

Elapsed 

(min) 

Concentration 

(ppm)a 

Absorbance  at 

ch3nnh 

845.2  ca 
MMH 

(Q) 

NO 

no2 

HONO 

H00N02 

n2o 

nh3 

ch3oh 

ch3ooh 

-35 

4.41 

-19 

4.40 

- 

-4 

4.38 

- 

0 

~21  (calc'd) 

1.78 

4.17 

19.4 

1.7 

0.24 

— 

0.16 

0.03 

— 

_ 

• 

11.78 

3.69 

17.9 

2.1 

0.68 

- 

0.22 

0.04 

- 

- 

0.015 

21.78 

3.39 

16.7 

2.6 

1.1 

- 

0.23 

0.03 

- 

- 

0.027 

34.78 

2.85 

15.2 

2.9 

1.8 

- 

0.27 

0.05 

- 

- 

0.040 

41.78 

2.59 

14.5 

3.1 

2.1 

- 

0.28 

0.05 

- 

- 

0.049 

56.78 

2.11 

13.2 

3.4 

2.9 

- 

0.28 

0.05 

0.02 

- 

0.059 

71.78 

1.61 

12.0 

3.8 

3.5 

- 

0.31 

0.07 

0.04 

- 

0.061 

86.78 

1.20 

10.7 

4.0 

4.1 

- 

0.34 

0.08 

0.04 

- 

0.063 

101.78 

0.89 

9.7 

4.4 

4.6 

- 

0.35 

0.08 

0.06 

- 

0.055 

116.78 

0.61 

8.7 

4.6 

5.1 

- 

0.36 

0.09 

0.07 

- 

0.060 

131.78 

0.36 

8.0 

4.9 

5.5 

0.35 

0.10 

0.08 

0.065 

*Ses  Cut  foe  a  discussion  of  CHjNHNHj.HNOj  and  unknown  products  formed. 


TABLE  F-3.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  THE  DARK  REACTION  OF  MMH  WITH  N02  IN  AIR; 
EXCESS  (T  -  22°C,  RH  -  13X;  3800  Jt  CHAMBER;  RES  -  1  CM"1,  PATHLENGTH  -  68.3  M) . 


Time 

Elapsed 

(min) 

Concentration 

(PP®)a 

Absorbance  at 
845.2  cm"1  (Q) 

ch3nnh 

IMH 

NO 

CM 

o 

as 

HONO 

H00N02 

n2o 

nh3 

CH30H 

ch3ooh 

-11 

10.0 

0.11 

-6 

9.87 

0.13 

0 

-5.5 

(calc'd) 

0.38 

9.58 

— 

4.4 

0.08 

_ 

0.16 

1.38 

9.41 

- 

5.0 

0.21 

- 

0.15 

- 

• 

0.007 

2.38 

9.36 

- 

4.8 

0.33 

- 

- 

0.16 

- 

- 

0.007 

3.38 

9.32 

- 

4.6 

0.44 

0.04 

- 

0.14 

- 

- 

0.007 

4.38 

9.17 

- 

4.4 

0.55 

0.05 

- 

0.15 

- 

- 

0.015 

5.38 

9.16 

- 

4.2 

0.67 

0.07 

- 

0.16 

- 

- 

0.012 

8.78 

8.62 

- 

3.6 

1.0 

0.10 

- 

0.17 

- 

- 

0.024 

12.78 

8.45 

- 

3.1 

1.3 

0.08 

- 

0.18 

- 

- 

0.028 

19.78 

8.12 

- 

2.4 

1.7 

0.09 

- 

0.21 

- 

- 

0.038 

29.78 

7.53 

- 

1.7 

2.3 

0.06 

- 

0.22 

- 

0.54 

0.048 

39.78 

7.28 

- 

1.4 

2.6 

0.05 

- 

0.23 

- 

0.52 

0.049 

*9.78 

6.94 

- 

1.0 

2.9 

0.03 

- 

0.24 

- 

0.91 

0.051 

64.78 

6.50 

- 

0.75 

3.1 

- 

- 

0.27 

0.04 

1.1 

0.048 

79.78 

6*06 

- 

0.53 

3.3 

- 

- 

0.26 

0.08 

1.3 

0.050 

94.78 

5.70 

0.40 

3.5 

** 

— 

0.28 

0.09 

1.5 

0.046 

*See  text  for  a  discussion  of  CH^NHNHj.HNO^  and  unknown  products  formed. 
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TABLE  F-4.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  THE  DARK  REACTION  OF  MMH  WITH  N02  IN  AIR; 
EXCESS  N02  (T  -  25°C,  RH  -  12Z;  6400  t  CHAMBER;  RES  -  I  CM-1,  PATHLENGTH  -  102.4  M) . 


Tins 

Elapsed 

(uin) 

Concentration 

(PJ«)* 

Absorbance  at 
845.2  cm-1  (Q) 
CH3NMH 

(MH 

NO 

N02 

HONO 

hoono2 

n2o 

nh3 

CH3OB 

CHjOOH 

-30 

4.55 

-20 

4.49 

- 

-10 

4.50 

- 

0 

~21  (calc'd) 

3.78 

3.19 

_ 

18.8 

1.2 

0.07 

0.19 

ns 

0.03 

- 

0.031 

8.78 

2.47 

- 

17.0 

2.1 

0.11 

0.18 

- 

0.02 

- 

0.055 

15.78 

1.78 

- 

14.6 

3.1 

0.13 

0.19 

- 

0.06 

- 

0.059 

25.78 

1.17 

- 

13.1 

4.2 

0.06 

0.20 

0.03 

0.05 

- 

0.060 

35.78 

0.68 

- 

11.5 

4.9 

- 

0.21 

0.04 

0.07 

- 

0.050 

45.78 

0.43 

- 

10.3 

5.4 

0.22 

0.05 

0.07 

- 

0.048 

55.78 

— 

- 

9.6 

5.8 

- 

0.23 

0.05 

0.10 

- 

0.038 

65.78 

- 

9.2 

6.0 

0.23 

0.05 

0.11 

• 

0.025 

aSee  text  for  a  discussion  of  CH^NHNHj.HNO^  and  unknown  products  forned. 


APPENDIX  G 

DETAILS)  DATA  TABULATIONS  FOR  THE  NO  +  UN SYMMETRICAL  DIMETHYL- 
HYDRAZINE  CHAMBER  EXPERIMENTS 


The  detailed  concent rat ion-time  data  for  the  four  environmental  cham¬ 
ber  experiments  in  which  N0X  was  reacted  with  UDMH  are  given  in  Tables  G-i 
through  G-4.  The  results  of  these  experiments  are  discussed  in  Section 
3.4.3. 
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TABLE  6-1.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  THE  DARK 
REACTION  OF  UDMH  WITH  NO  AND  NO,  IN  N2  ATMOSPHERE;  EXCESS  UDMH 
(T  -  24°C,  RH  <  10%;  3800  l  CHAMBER;  RES  -  1  CM-1,  PATHLENGTH  -  68.3  M) . 


Elapsed 

Time 

(min) 

Concentration 

(PP«) 

Absorbance 
at  993  cm-* 
Unknown^ 

UDMH 

NO 

no2 

HONO 

n2o 

nh3 

TMTa,b 

-7 

5.6 

- 

0 

11.3 

(calc'd) 

2.78 

11.1 

5.7 

- 

_ 

0.06 

_ 

13.78 

11.1 

5.7 

- 

- 

- 

0.06 

- 

44.78 

11.0 

5.7 

- 

- 

- 

0.09 

- 

89.78 

10.9 

5.7 

- 

- 

- 

0.07 

- 

131.78 

10.8 

5.6 

- 

- 

- 

0.07 

136.0 

~6.3 

(calc'd) 

136.38 

10.2 

5.5 

3.9 

1.1 

0.06 

0.09 

0.20 

_ 

137.38 

9.32 

5.2 

2.0 

2.7 

0.09 

0.09 

0.58 

0.02 

138.38 

9.10 

5.3 

1.1 

3.5 

0.09 

0.05 

0.76 

0.03 

139.38 

8.84 

5.3 

0.63 

3.9 

0.13 

0.05 

0.84 

0.04 

140.38 

8.67 

5.2 

0.36 

4.2 

0.15 

0.03 

0.88 

0.05 

141.38 

8.59 

5.2 

0.22 

4.4 

0.17 

0.04 

0.90 

0.05 

143.78 

8.49 

5.0 

0.07 

4.5 

0.21 

0.05 

0.92 

0.06 

146.78 

8.34 

4.9 

- 

4.6 

0.23 

0.03 

0.93 

0.06 

149.78 

8.38 

4.9 

- 

4.6 

0.24 

0.05 

0.93 

0.07 

152.78 

8.43 

4.9 

- 

4.6 

0.25 

0.05 

0.93 

0.07 

159.78 

8.40 

4.9 

- 

4.7 

0.25 

0.05 

0.93 

0.07 

170.0 

~6.3 

(calc'd) 

172.38 

7.02 

4.6 

1.1 

6.9 

0.33 

0.05 

1.4 

0.08 

177.38 

6.52 

4.4 

0.15 

7.9 

0.42 

0.04 

1.5 

0.10 

189.78 

6.38 

4.2 

— 

8.0 

0.47 

0.05 

1.5 

0.11 

aTMT  -  tetramethyltetrazene-2 

b Estimated  from  Che  overlapping  absorption  bands  of  TMT  and  the  unknown 
compound. 


TABLE  G-2.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  THE  DARK  REACTION 
OF  UDMH  WITH  NO  AND  NO,  IN  AIR;  INITIAL  EXCESS  NO 
(T  -  23°C,  RH  -  12X;  6400  l  CHAMBER;  RES  -  I  CM-1,  PATHLENGTH  -  102.4  M) . 


Elapsed  Time 
(min) 

Concentration 

(ppm) 

Absorbance 
at  993  cm“l 
Unknown* 

UDMH 

NO 

no2 

HONO 

n2o 

nh3 

TMTa,b 

(CH3)2NNOb 

-19 

4.96 

0.06 

-4 

4.93 

0.07 

0 

~21 

(calc'd) 

1.78 

3.28 

15.4 

3.3 

2.8 

0.27 

0.09 

0.40 

0.19 

0.06 

5.78 

2.59 

14.6 

1.8 

4.2 

0.36 

0.10 

10.78 

2.16 

13.9 

1.2 

5.0 

0.44 

0.10 

0.69 

0.20 

0.15 

15.78 

1.77 

13.3 

0.88 

5.5 

0.48 

0.10 

21.78 

1.58 

12.9 

0.80 

5.8 

0.56 

0.11 

0.77 

0.28 

0.20 

25.78 

1.38 

12.7 

0.76 

6.0 

0.59 

0.11 

35.78 

1.18 

12.1 

0.71 

6.4 

0.63 

0.10 

0.79 

0.30 

0.25 

40.78 

1.09 

11.6 

0.69 

6.7 

0.66 

0.10 

45.78 

1.02 

11.3 

0.69 

6.7 

0.67 

0.11 

50.78 

0.89 

10.8 

0.72 

6.9 

0.67 

0.11 

0.82 

0.32 

0.28 

aTMT  -  tetramethyltetrazene-2 

"Estimated  from  the  overlapping  absorption  bands  of  TMT,  (CH3)2NN0,  and  the  unknown  compound 
(see  text). 
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TABLE  G-4.  REACTANT  AND  PRODUCT  CONCENTRATIONS  VS.  TIME  IN  THE 
DARK  REACTION  OF  UDMH  WITH  N02  IN  AIR;  EXCESS  NO, 

(T  -  22°C,  RH  -  13Z;  3800  l  CHAMBER;  RES  -  I  CM-1,  PATHLENGTH  -  102.4  M) . 


Elapsed  Tine 
(min) 

Concentration 

(PP«) 

UDMH 

NO 

no2 

HONO 

N20 

nh3 

TMT* 

-12 

5.53 

0.02 

—6 

5.49 

0.03 

0 

~23 

(calc'd) 

0.38 

3.95 

_ 

18.6 

2.1 

0.05 

0.04 

0.49 

1.38 

2.18 

0.30 

15.7 

5.4 

0.05 

0.03 

1.3 

2.38 

1.43 

0.34 

13.7 

7.4 

0.05 

0.04 

1.7 

3.38 

0.71 

0.34 

12.8 

8.3 

0.05 

0.03 

1.9 

4.38 

0.54 

0.42 

11.7 

9.0 

0.06 

0.04 

2.1 

5.38 

0.35 

0.41 

11.1 

9.6 

0.06 

0.03 

2.2 

8.78 

- 

0.33 

10.4 

10.2 

0.06 

0.03 

2.3 

15.78 

0.20 

9.9 

10.7 

0.04 

"* 

2.3 

aTMT  -  tetramethyltetrasene-2 
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(The  reverse  of  this  page  is  blank.) 


